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PREFACE 


The concept of area-wide integrated pest management (AW -IPM), in which the total 
population of a pest in an area is targeted, is central to the effective control of such 
populations through the integration of genetic, biological and other pest suppression 
technologies. Insect movement, occurring sometimes over long distances, is 
generally underestimated. As a consequence, most conventional pest management is 
implemented as a localized or field-by-field, un-coordinated action against segments 
of a pest population, not taking in consideration insect movement, resulting very 
often in an unsustainable spiral of insecticide application and eventual resistance of 
the pest against the used insecticides. On the other hand, an AW-IPM approach 
adopts a preventive rather than a reactive strategy, whereby all individuals of the pest 
population are targeted in time and space and selecting a time when the pest 
populations are more vulnerable (e.g. during certain times of the year when the 
population densities are naturally low), requiring in the longer term fewer inputs and 
resulting in more cost-effective and sustainable pest management. It involves a 
coordinated effort over often larger areas, including not only agricultural, but also 
natural and other areas with pest presence. By addressing these sources of re- 
infestation in the surroundings of the agricultural areas, satisfactory pest control is 
achieved in the whole area and fewer control actions are required. 

This new textbook on AW-IPM assembles a series of selected papers that 
attempts to address various fundamental components of AW-IPM, e.g. the 
importance of relevant problem-solving research, the need for essential baseline data, 
the significance of integrating adequate tools for appropriate control strategies, and 
the value of pilot trials, etc. Of special interest are the numerous papers on pilot and 
operational programmes that pay special attention to practical problems encountered 
during the implementation of insect pest control programmes. A significant number 
of contributions to this book resulted from oral and poster presentations at the Third 
FAO/IAEA International Conference on “Area-wide Management of Insect Pests: 
Integrating the Sterile Insect and Related Nuclear and Other Techniques", which was 
successfully held from 22-26 May 2017 at the Vienna International Centre, Vienna, 
Austria. The conference was attended by 360 delegates from 81 countries and six 
international organization. However, the book contributions were selected beyond 
the work presented at the conference and a number of experts dealing mainly with 
action programmes were invited to present their work in this publication. 

The book is a compilation of 48 papers that are authored by experts from 30 
countries. Each paper was peer-reviewed by two or more independent, outside 
experts and edited for the English language. In addition, the editors subjected each 
paper to an in-depth technical quality control process. As a result, we trust that the 
information provided is accurate, up-to date and of a high international standard. This 
process of peer-review, editing and formatting has taken considerable time and we 
appreciate the patience of the authors. 


The Editors 
August 2020 


Taylor & Francis 
Taylor & Francis Group 


http://taylorandfrancis.com 


FOREWORD 


The latest report of the UN Intergovernmental Panel on Climate Change concludes 
that the world faces serious threats to its food supply. Reaching the Food and 
Agriculture Organization (FAO)'s goal to eradicate hunger and ensuring food security 
is only possible if we work together in partnership. Only through effective 
collaboration with governments, civil society, private sector, academia, research 
centres and cooperatives, and making use of each other's knowledge and comparative 
advantages, can our goal of “nourishing people while nurturing the planet" be 
achieved. 

There could hardly be a less efficient use of resources than to invest in land, water, 
fertilizer, seeds, labour, and energy to produce agricultural commodities, only to have 
these investments partially or totally destroyed by insects and other pests. Pre-harvest 
losses in developing countries are currently estimated at more than one third of 
attainable crop production, while post-harvest losses add at least another 10-20%. 
Insects, followed by pathogens and weeds, cause the largest portion of these losses. 

The availability of effective and persistent synthetic organic insecticides 
immediately after the Second World War marked the onset of chemically-based 
insect pest control. The availability and easy accessibility of these “off-the-shelf”, 
relatively cheap and often subsidized chemicals offered farmers the freedom and 
flexibility to implement insect pest control measures on their property at any time. 
But, as we know today, chemically-based insect pest control also came at a heavy 
cost. Over 98% of sprayed insecticides and 95% of herbicides reach a destination 
other than their target species, including non-target species, air, water and soil. In 
addition, insecticide use reduces biodiversity, contributes to pollinator decline, 
destroys habitat, and threatens endangered species. And insect pests develop quickly 
resistance to insecticides, necessitating new formulations or application of higher 
doses to counteract the resistance, which exacerbates the pollution problem. The 
World Health Organization estimates that each year, three million workers in 
agriculture in the developing world experience severe poisoning from insecticides, 
about 18 000 of whom die. 

Integrated pest management (IPM) has been endorsed by the FAO since 1966 and 
has remained the dominant paradigm of pest control for the past 50 years. IPM offers 
a strategic approach to solving pest problems in an ecosystem context, while reducing 
insecticide use and guarding human health and the environment. The integration of a 
number of different insect pest control methods into the IPM approach, to facilitate 
the achievement of these goals, is still primarily done at the local field-by-field, 
orchard-by-orchard or herd-by-herd level, which is often very ineffective as many 
insects travel freely between commercial, back-yard and abandoned properties, and 
between wild hosts and cultivated areas. 
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A much more effective application of the IPM approach is on an area-wide (AW) 
or population-wide basis, which aims at the management of the total population of a 
pest within an often larger but delimited area. This requires close coordination among 
the numerous stakeholders, a centrally managed approach and strong community 
involvement. 

AW-IPM is now increasingly practiced, especially for mobile insect pests, where 
management at a larger scale is more effective and preferable to the uncoordinated 
field-by-field approach. For major livestock pests, vectors of human diseases and 
pests of high-value crops with low pest tolerance, there are compelling economic 
reasons for participating in AW-IPM. 

Nevertheless, issues around public participation, financing of public goods and 
free riders, all play a significant role in AW-IPM implementation. These social and 
managerial issues have, in some cases, severely hampered the positive outcome of 
AW-IPM programmes and emphasise the need for contemplation not only of 
ecological, environmental and economic aspects, but also of the social and 
management dimensions. 

For more than five decades the FAO and the International Atomic Energy Agency 
(IAEA), through their Joint FAO/IAEA Division of Nuclear Techniques in Food and 
Agriculture, have expanded the use of the sterile insect technique (SIT). This has 
involved both applied research to improve the technique and to develop it for new 
pest insects, as well as the transfer of the SIT package to member countries so that 
these can benefit from improved plant, animal and human health, cleaner 
environments, increased crop and animal production and accelerated economic 
development. 

Today, the Joint FAO/IAEA Programme supports some 35 field projects that 
integrate the SIT to manage populations of major insect pests, including several 
species of tsetse flies and fruit flies, screwworm flies and moths. And endeavours are 
currently underway to develop the SIT for the control of mosquitoes, important 
vectors of major diseases such as malaria, dengue, chikungunya and Zika, and a main 
hindrance to economic development in endemic areas and a serious threat to as yet 
non-endemic areas. The development and validation of effective and sustainable 
approaches to managing pests and diseases will be essential to meet major future 
challenges. 


Ren Wang 
Assistant Director-General 


Agriculture and Consumer Protection Department, 
Food and Agriculture Organization of the United Nations (FAO) 
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SUMMARY 


Ecologically safe and environment-friendly pest control strategies and technologies are important to ensure 
the quality of Chinese agricultural products and sustainable agricultural development. Aphids are among 
the world's major agricultural and forest pests, and Myzus persicae Sulzer (Hemiptera: Aphididae) is one 
of the main agricultural pests in China, transmitting various viral diseases and causing reductions in crop 
yield and quality that regularly triggered applications of synthetic insecticides. Aphidius gifuensis Ashmead 
(Hymenoptera: Braconidae) is an important endoparasitoid of many aphids. Starting in 2000, the Yunnan 
Tobacco Company has developed methods for large-scale rearing of this parasitoid on this aphid, and 
technological systems for augmentative releases of A. gifuensis. The augmentative use of this parasitoid 
has achieved area-wide suppression of M. persicae in tobacco and other crops in China. This approach is 
being applied on large areas, covering more than 3 million ha between 2010 and 2015. This programme is 
currently the largest biological control programme in China. Over 500 mass-rearing facilities were 
constructed in 16 provinces with a total surface area of 420 000 m? and a breeding capacity of 24 000 
million parasitoids per breeding period. This technology has effectively controlled the aphid on tobacco, 
while other beneficial insects have increased in the absence of insecticide applications, further protecting 
biodiversity in the fields and providing long-term ecological benefits. The use of this technology has also 
been expanded to other crops, solving problems of insecticide resistance in the targeted aphids, reducing 
pesticide residues and environmental pollution, and yielding benefits for society, the economy, and the 
environment. 


3 
J. Hendrichs, R. Pereira and M. J. B. Vreysen (eds.), Area-Wide Integrated Pest Management: 
Development and Field Application, pp. 3-16. CRC Press, Boca Raton, Florida, USA. 
© 2021 IAEA 


4 Y. YU ET AL. 
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1. INTRODUCTION 


Yunnan Province, China is one of the most important tobacco growing regions in the 
world with 469 000 ha under cultivation, representing 35% and 20% of tobacco 
production in China and the world, respectively. Yunnan province is also famous for 
producing tobacco of high quality, and its tobacco industry has provided a sustainable 
livelihood and alleviated poverty for more than 800 000 farming families. Tobacco in 
Yunnan province is usually planted in mountainous areas, of high scenic value, that 
have fragile ecosystems. The Yunnan tobacco-planting region has five characteristics: 
(1) a wide distribution of planting sites, (2) planting in a variety of ecological regions, 
(3) dominance by smallholder farmers, (4) farmers of widely different backgrounds, 
and (5) a mosaic of factors influencing tobacco leaf yields and quality. 

Aphids are among the most destructive pests, are often highly polyphagous and 
impact a broad range of agricultural crops worldwide. Plant sap-sucking and 
honeydew production by the tobacco aphid Myzus persicae Sulzer (Hemiptera: 
Aphididae) directly injures the host plant, causing significant yield reduction (Kulash 
1949; Stary 1970). In addition, damage from M. persicae is exacerbated by its ability 
to transmit over 100 viral diseases to more than 400 host plants (Mackauer and Way 
1976). Most of these viral diseases cause a decline in tobacco yield and quality. 

In Yunnan, control of this aphid pest has largely been dependent on insecticides 
(Zhao et al. 1980), leading to problems of resistance, difficulty of control, destruction 
of natural enemies, decrease of biodiversity, excessive pesticide residues, reduction 
in product quality due to repeated applications, inappropriate application methods and 
incorrect application rates (Gao et al. 1992; Han et al. 1989; He 2013). 

In view ofthese problems, there was a strong need to develop and apply biological 
control tactics to replace the chemical control systems applied against M. persicae, 
taking into account the population dynamics of the pest, herbivore-natural enemy 
interactions, and the economic relationship between pest infestation and crop yield 
loss (Guan et al. 2016). 

Aphidius gifuensis Ashmead (Hymenoptera: Braconidae) is one of the most 
important natural enemies of aphids and is found in many habitats (Chen 1979). This 
natural enemy is widely distributed all over the world, for example Canada, China, 
India, Japan, and USA, where a good basis of ecological knowledge has been 
accumulated for wider application. Also, many biological and ecological studies of 
this insect have been conducted in China (Bi and Ji 1993; Lu et al. 1993; Lu et al. 
1994). 

After mating, females of A. gifuensis search for hosts and lay their eggs inside 
aphid bodies. The eggs develop by absorbing the nutrients from the aphid, and the 
development of the parasitoid results in the death of the aphid (Ohta et al. 2001) 
(Fig. 1). 
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Figure 1. Life cycle and biological stages of Aphidius gifuensis (A.G.) (starting clockwise 
from top left). 


There are two main challenges with respect to the biological control of aphids by 
using A. gifuensis on a large scale. The first is to develop methods for the large-scale 
production of the parasitoid and its release. The second is to find mechanisms to 
transfer this technology to technicians and farmers so that these smallholders can 
benefit from the technology. 

Therefore, after carrying out the research, we have developed and established two 
systems for effective, economic, and convenient high-density mass-rearing 
technologies for different application areas, named adult-plant breeding and seedling 
breeding, published an industry-level standard, constructed a “one plus two” model 
of technology extension, and achieved area-wide application of the technology for 
sustainable aphid control by A. gifuensis. 


2. MASS-REARING SYSTEMS 


The large-scale mass-rearing of A. gifuensis is mainly divided into three parts: 
(1) cultivating of host plants for M. persicae, (2) breeding large populations of M. 
persicae, and (3) high-density mass-rearing of A. gifuensis on M. persicae (Gu et al. 
2015). The following summarizes the optimal conditions and procedures for these 
technologies (Deng et al. 2010, 2011). 


2.1. Adult-Plant Breeding System 


2.1.1. Cultivating Host Plants 

Tobacco plants that are highly resistant to tobacco mosaic virus (TMV) were selected 
for mass-rearing of the aphids, 1.e. tobacco variety Yunyan 203, as well as white radish 
and Chinese cabbage variety Chinese 82. The host plants are seeded and transplanted 
after 70 to 80 days and grown for 25-30 days till the 6-8 leaves stage for further use. 
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2.1.2. Mass-rearing of Myzus persicae 

Each tobacco plant, at the 6-8 leaves stage, is inoculated with 20 healthy aphids 
(nymphs and adults), followed by rearing of the aphids for 15-20 days at 17-27°C and 
50-80% RH in a greenhouse (50 m x 12 m x 4.6 m) (Wu et al. 2000; Deng et al. 2006; 
Yang and Zhao 2009; Yang et al. 2009) (Fig. 2). 


2.1.3. High-density Mass-rearing of A. gifuensis on Aphids 
When the tobacco leaves are incubated with aphids for 15-20 days, A. gifuensis are 
released at a parasitoid to aphid ratio of between 1:50 and 1:100. After 4. gifuensis 
females have laid their eggs, the parasitized aphids form mummies, from which a new 
generation of A. gifuensis emerges. After 10 to 15 days, parasitism rates of > 90% are 
obtained (Wei et al. 2003, 2005; Yang et al. 2009). 

Each tobacco plant can produce 6000 — 10 000 A. gifuensis adults, and each small 
greenhouse (3 m x 3 m x 2 m) containing 28 plants, can produce 160 800 A. gifuensis 
individuals (Fig. 2). 


Parasitize 8-10d 


7-10d 
x " Ny 


Releasing Collecting Aphidius gifuensis Eclosion 


Figure 2. Breeding process of Aphidus gifuensis in greenhouses (starting clockwise from top 


left). 


2.2. Seedling Breeding System 


2.2.1. Cultivating Host Plants 
Tobacco variety Yunyan 203 with high resistance to TMV is bred according to the 
China National Standard GB / 25241 (Liu et al. 2010). Tobacco seedlings with 5 
leaves and 1 heart can be used to breed aphids by the *Method of breeding aphid and 
Aphidus gifuensis separately". 

Alternatively, tobacco seedlings in the 3rd - 4th leaf stage can be used to breed 
aphids by the “Method of breeding aphid and Aphidus gifuensis at the same time" as 
described below. 
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2.2.2. Rearing of Large Populations of Myzus persicae 
Mass-rearing of aphids is done using two alternative methods: 
Breeding aphid and A. gifuensis separately: On tobacco plants with 5 leaves and 
1 heart, leaves are inoculated at a rate of 10 aphids per plant. After 10 to 12 days, at 
20 to 30°C and 60 - 80% RH, when the aphid density reaches 200 per plant on average, 
the population of aphids is ready for use for rearing natural enemies (Fig. 2). 
Breeding aphid and A. gifuensis at the same time: On tobacco plants in the 3rd - 
4th leaf stage, leaves are inoculated with 2.5 aphids per plant (aphids with a parasitism 
rate from 40% to 60% are used for the inoculation, or a parasitoid-aphid ratio of 
between 1:20 and 1:10), at 20 - 30°C and 60 - 80% RH. 


2.2.3. High-density Breeding of A. gifuensis on Aphids 
Parasitoid mass-rearing on aphids is done following two alternative methods: 

Breeding aphid and A. gifuensis separately: According to the population of aphids 
per single plant, A. gifuensis or parasitised aphids are inoculated onto leaves in the 
greenhouse. After 17 days, the population of parasitised aphids will reach one 100 000 
per square meter (Fig. 2). 

Breeding aphid and A. gifuensis at the same time: A. gifuensis parasitoids are 
inoculated onto leaves at the same time as aphids. After the A. gifuensis parasitoids 
emerge from the parasitised aphids, they will parasitize other aphids. If the parasitism 
rate is too high, more aphids need to be added; alternatively, if the parasitism rate is 
too low, more A. gifuensis will need to be added. After 23 days, the population of 
parasitised aphids will reach 49 000 per square meter (Fig. 3) (Chen et al. 2009). 


Rearing by Matured aphid 
rod transfer method nymphs 


Aphidius 
gifuensis in 
screen- house 


Releasing 


Rearing by erasing 
transfer method 


Parasitism 
Figure 3. Breeding process of aphids and Aphidius gifuensis. 


2.3. Collection and Storage of A. gifuensis 


There are two methods for collection of A. gifuensis: 

Manual collection: Home-made, simple collection devices or automatic collection 
systems (aspirators) are used to collect A. gifuensis in the tents, and A. gifuensis are 
stored in containers (Fig. 4). 
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Automatic collection: Collection bags are placed in the breeding screen-houses 
(nylon-net covered cages or tents) in tobacco fields, and A. gifuensis adults will fly 
into the bags as a result of their phototaxis (Fig. 4). 


2.4. Release of A. gifuensis 


Different methods are used to release A. gifuensis: 

1. Release of parasitised aphids 

2. Release of A. gifuensis, and 

3. Self-dispersal in the field. 

When releasing parasitised aphids, leaves or seedling with parasitised aphids are 
brought to the field and hung onto plants. 

When releasing A. gifuensis, parasitoids are taken to the field in collection bags or 
bottles and released before 12 o'clock in the absence of any rain; total transport time 
should be less than three hours. 

For self-dispersal of parasitoids in the field, they are bred in the screen-houses or 
breeding tents in the field. The tents are opened when parasitism reaches 9096, and 
the A. gifuensis will disperse naturally to find aphids (Fig. 4). 


Collection of A. gifuensis Storage of A. gifuensis Product of A. gifuensis Product of A. gifuensis 
(Boxes of parasitized aphids) (Cards of parasitized aphids) 


Figure 4. Collection and release processes for Aphidius gifuensis parasitoids. 


The density of aphids needs to be assessed to determine the parasitoid release time 
and numbers to be released. When the population of aphids per plant reaches an 
average of 1 to 5 individuals, A. gifuensis parasitoids are released at a rate of 3 000 to 
7 500 per ha. The subsequent second and third release are adjusted according to aphid 
densities. 

When the population of aphids per plant reaches an average of 6 to 20, A. gifuensis 
parasitoids are released at a rate of 7 500 to 15 000 per ha. When the population of 
aphids per plant is more than 20, A. gifuensis parasitoids are released at a rate of 
15 000-18 000 per ha. 
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2.5. Conservation of Aphid and A. gifuensis Colonies in Winter 


2.5.1. Conservation of Aphids in Winter 

The main method to maintain a colony of aphids in the winter is by conserving the 
host plants in greenhouses. Aphids are collected from the wild and inoculated onto 
healthy tobacco seedlings, cabbage, radish or other host plants. The breeding 
conditions are held at temperatures between 17 and 27°C and 50 and 80% RH. The 
status of aphids and host plants is observed, and old and diseased aphids and host 
plants infected with virus are removed at three different times. Healthy aphids are 
obtained and used to reinvigorate the colony. 


2.5.2. Conservation of A. gifuensis in Winter 

Holding-over host plants with aphids in the greenhouse or cold storage of parasitised 
aphids are the two methods used for storing A. gifuensis in winter. A. gifuensis are 
collected from the wild and used to parasitize aphids several times. To obtain healthy 
A. gifuensis, the colony needs to be maintained at a temperature of 17-27°C and 50- 
80% RH. 

When in cold storage, parasitised aphids are collected using a brush or other tools 
to directly collect them from host plants, placing aphids into tubes, which are then 
held at 4-5°C. The seedlings or larger plants with parasitised aphids can also directly 
be placed into 4-5°C. Parasitoid emergence rates of up to 90% are obtained after cold 
storage for 20 days. 


3. TECHNOLOGY TRANSFER AND APPLICATION SYSTEMS 
3.1. Technical Standard 


An industrial standard named “Technical specification for Myzus persicae biological 
control with Aphidius gifuensis (Y C/T 437-2012)" was published (Yun et al. 2012), 
including conservation, colony rejuvenation, large-scale breeding, collection and 
release. 

A total of 506 breeding facilities were built in 16 provinces (regions, cities) in 
China, with a total surface area of 420 000 m? and a breeding capacity of 24 000 
million parasitoids per breeding period. 


3.2. Training 


To spread and transfer this technology, a training system was developed and 
implemented on four levels, i.e. industrial, provincial, municipal and county level. 
The training programme was developed based on research conducted by the tobacco 
industry, and also based on field experience by extension services of the government 
(Fig. 5). 
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Extension of Aphidius gifuensis on agriculture 


Figure 5. Extension system for biological control of tobacco aphid by parasitoid 
augmentative releases. 


We developed the training platform, carried out theoretical and practical training 
for the technical experts, technicians, extension workers and farmers, covering step- 
by-step the key points and difficulties for technicians during programme operation 


(Fig. 6). 


Provincial Technical 


Manager 


Companies 


Companies of Step-by-step Training Technical 
States and Cities MEME a Backbone 


Field 


County Branches 7 
Technicians 


; Counselor s 
Tobacco Station 


Leading farmers 


Figure 6. Training system for biological control of tobacco aphid Aphidius gifuensis by 
parasitoids. 


Overall, we have trained more than 3000 core experts and more than 20 000 
technicians, and also provided more than 1200 thousand copies of technical training 
books and booklets (Fig. 7). More than 120 000 farms benefited from this training and 
extension work at all levels (Fig. 8). 
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Figure 7. Technical materials on the use of Aphidius gifuensis parasitoids. 
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Figure 8. Four-level training for biological control of tobacco aphid by mass-release of 
Aphidius gifuensis parasitoids. 


3.3. Goal Setting 


Depending on the densities of the aphids in the farms with tobacco fields, A. gifuensis 
are released following five release densities, i.e. 7500, 12 000, 15 000, 18 000 and 
22 500 parasitoids per ha. Also, depending on the aphid infestation pressure in 
different areas, application rates are 30%, 50%, 80% and 95% of the total tobacco- 
planting area. 


3.4. Matching of Funding 


The funding for the technical application is contained within technical project funds. 
Each provincial tobacco company matches the obtained funding of USD 11.3-22.6 
per ha according to set application areas. 
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3.5. Evaluation 


The programme evaluation is carried out to check implementation, supply, and 
application scale, and to control efficiency of the application of this technology at 
different levels. To promote the tobacco aphid biocontrol technique, a series of 
rewards and penalties were established, with the outcomes of the evaluation results 
directly tied to the salary of technicians and also to the funding for application in the 
next year. 


4. IMPACT ASSESSMENT 


Each small greenhouse containing 28 plants can produce ca. 17 000 A. gifuensis 
individuals for release that can protect six ha of tobacco plants. Compared to chemical 
control of aphids, the cost of aphid control by A. gifuensis mass-releases is much 
lower. The cost of biological control is estimated at about USD 13.3 per ha, compared 
to USD 244.8 per ha for the chemical control applying insecticides. Table 1 compares 
the sub-item costs for both treatments. 


Table 1. Comparison of costs of biological and chemical control of aphids 


Treatments Total Cost (USD/ha) Sub-items Sub-items costs (USD/ha) 
Insecticide 244.8 Cost of insecticides 13.6x3 times - 40.8 
Cost of labour 68.0x3 times = 204.0 
Biocontrol 13:3 Cost of facilities 3.8 
Cost of mass-rearing 5.0 
Cost of releasing 4.5 


In addition, aphids were well controlled because of the sustained, long-term 
release of A. gifuensis (Yang et al. 2010) (Fig. 9 and 10). 

Meanwhile, populations of other beneficial insects, such as the predators 
Coccinella septempunctata (L.), Harmonia axyridis (Pallas), Episyrphus balteatus 
(De Geer), Chrysopa sinica (Tjeder) and Lycosa pseudoamulata Boes. et Str. 
obviously increased in the absence of insecticide applications, further protecting 
biodiversity in the fields and providing long-term ecological benefits resulting from 
the biological control (Shen et al. 2018). 

Application of this technology was started in 2000 in the tobacco-planting area of 
Yuxi, Yunnan Province (Yunnan Tobacco Yuxi City Company 2010), and by 2010 
the entire tobacco planting area of Yuxi had been covered (AERET 2011; Yang et al. 
2011). 
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Figure 9. Aphid population control results without A. gifuensis between 1998-2001 (A) 
and with A. gifuensis between 2000-2007 (B). 
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Figure 10. The population dynamics of aphids in tobacco fields treated by insecticides 
or the release of parasitoids (left y-axis), or not treated (control) (right y-axis), in tobacco 
fields in Yuxi, China in 2005. 
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By 2013, 90% of all the Yunnan tobacco fields had been covered by the 
augmentative biological control programme. Starting in 2014, this technology has 
been applied throughout China. Step by step, this technology has expanded to cover 
100% of the Yunnan tobacco-planting area and 90% of the Chinese tobacco-planting 
areas. 

Effectiveness of aphid control has reached 80%, better than in pesticide-treated 
fields (Li et al. 2006). The total application area in China has reached 3 017 547 ha 
over six years (2010 to 2015), total decrease of pesticide use reached 1 966.05 tons, 
and total decrease of control costs reached USD 230 million. A financial loss of USD 
1 326 million was avoided and 1 million farm households have benefited from this 
technology. 

The use of A. gifuensis against M. persicae is the biological control technology 
that is most widely adopted in China. Aphid population control has been transformed 
from mainly insecticide- to largely biological control-based, promoting a pest control 
strategy that changed from passive, reactive and chemical insecticide-based to active, 
preventive and ecologically-founded, with significant social and environmental 
benefits. 

The biological control of aphids by the mass-release of A. gifuensis parasitoids in 
some other crops (Fig. 11) has also reached high efficacies on a large scale (Shen et 
al. 2018). 


Sweat pea 


Radish Cabbage Broccoli Pepper Peach 


Figure 11. Examples of biological control of aphids by Aphidius gifuensis augmentative 
releases on other crops in China. 


5. ACKNOWLEDGEMENTS 


This project has been financially supported by the China Tobacco Company. We 
thank Professor Zeng-Rong Zhu of Zhejiang University for his critical comments and 
suggestions for modifications of earlier versions of this chapter. 


APHID AREA-WIDE AUGMENTATIVE BIOLOGICAL CONTROL 15 


6. REFERENCES 


(AERET) (Association Européenne pour la Recherche et l'Expérimentation Tabacole / European 
Association for Tobacco Research and Experimentation. 2011. Aphidius gifuensis (Ashmead) 
safeguards ecological leaf tobacco in Yunnan, China. AERET website, published 18 April 2011. 

Bi, Z. B., and Z. D. Ji. 1993. Bionomics of Aphidius gifuensis Ashmead. I. Development stages and 
morphology of larval stage. Journal of Hebei Agricultural University 16(2): 1—8 [in Chinese]. 

Chen, J. H. 1979. The fundamental knowledge of taxonomy of Aphidiidae in China. Entomological 
Knowledge 16: 265-268 [in Chinese]. 

Chen, S., Y. Liu, and W. Li. 2009. High-density rearing method for Aphidius gifuensis involves 
inoculating tobacco aphid for twenty days after seeding seedling when seed is small and generating 
Aphidius gifuensis in fifteen days after inoculation process. Chinese patent: CN101548658—A, 7 
October 2009 [in Chinese]. 

Deng, J. H., X. F. Wu, C. M. Song, J. M. Huang, G. H. Liu, and S. Y. Yang. 2006. Rearing effect of 
Aphidius gifuensis with nylon-net covered cages in tobacco fields. Journal of Southwest Agricultural 
University (Natural Science) 28: 66—73 [in Chinese]. 

Deng, X. G., W. Wu, and S. Yang. 2010. Aphidius gifuensis: Mass rearing and application. First Edition. 
Environmental Science Press, Beijing, China [in Chinese]. 

Deng, X., G. Fu, and C. Li. 2011. Large-scale Aphidius gifuensis Ashmead propagating technique for 
preventing agricultural pest, involves forming mummified aphids after certain number of days, and 
growing aphids to Aphidius gifuensis in one week. Chinese patent CN101455190—A; 
CN101455190-B, 2 November 2011 [in Chinese]. 

Gao, X. W., B. Z. Zheng, and B. J. Cao. 1992. Resistance in Myzus persicae to organophosphorus and 
carbamate insecticides in China. Acta Phytophylacica Sinica 19: 365—371 [in Chinese]. 

Gu, X. H., S. Y. Yang, Y. B. Yu, S. G. Ji, H. L. Yang, J. L. Zhao, L. M. Zhang, and H. G. Zhang. 2015. 
Application of biological control technology of Myzus persicae with Aphidius gifuensis in Yunnan 
Province. Chinese Journal of Biological Control 31: 1—7 [in Chinese]. 

Guan, Q. L., X. C. Shen, and L. F. Yuan. 2016. Agricultural pest resistance and comprehensive control. 
Agricultural Technology and Equipment 1: 24—25 [in Chinese]. 

Han, Q. F., P. J. Zhuang, Z. H. Tang, X. Z. Xu, and X. Q. Deng. 1989. The preliminary study on 
resistance of Myzus persicae to insecticides. Contributions of Shanghai Institute of Entomology 9: 19— 
27 [in Chinese]. 

He, X. L. 2013. Pest resistance research and summary of governance. World Pesticides 35(5): 34-38 [in 
Chinese]. 

Kulash, W. M. 1949. The green peach aphid as a pest of tobacco. Journal of Economic Entomology 42: 
671—680. 

Li, M. F., Y. P. Zhang, and X. Z. Wang. 2006. Investigation of the effect to prevent and control aphids 
by rearing Aphidius gifuensis. Chinese Agricultural Science Bulletin 22: 343-346 [in Chinese]. 

Liu, J. L., X. D. Shi, G. S. Liu, G. Wang, and Y. H. Yang. 2010. Rules for tobacco intensive seedling 
production. GB/T 25241. China National Standard Press. 24 pp. [in Chinese]. 

Lu, H., B. C. Shi, and Z. L. Zhang. 1993. Studies on fecundity of Aphidius gifuensis Ashmead. Acta 
Agriculturae Boreali-Sinicae 8: 76—79 [in Chinese]. 

Lu, H., B. C. Shi, Y. Z. Niu, and Z. L. Zhang. 1994. Development thresholds and thermal constants of 
Aphidius gifuensis and Diaeretiella rapae. Acta Agriculturae Boreali-Sinica 9: 72-75 [in Chinese]. 

Mackauer, M., and M. J. Way. 1976. Myzus persicae Sulzer, an aphid of world importance, pp. 51-119. 
In V. L. Delucchi (ed.), Studies in biological control. Cambridge University Press, Cambridge, UK. 

Ohta, I., K. Miura, and M. Kobayashi. 2001. Life history parameters during immature stage of Aphidius 
gifuensis Ashmead (Hymenoptera: Braconidae) on green peach aphid, Myzus persicae (Sulzer) 
(Homoptera: Aphididae). Applied Entomology and Zoology 36 (1): 103—109. 

Shen, S., G. Xu, F. Chen, D. R. Clements, X. Gu, S. Ji, L. Zhang, H. Yang, F. Zhang, K. Yin, H. 
Zhang, J. Li, and D. Wu. 2018. Effects of Aphidius gifuensis release on insect communities and 
diversity in tobacco fields of Yunnan Province, China. Pakistan Journal of Biological Sciences 21: 
284—291. 

Stary, P. 1970. Biology of aphid parasites (Hymenoptera: Aphidiidae) with respect to integrated control. 
Series Entomologica 6: 1—643. 

Wei, J. N., T. F. Li, R. P. Kuang, Z. Wang, T. Yin, X. Wu, L. Zou, W. Z. Zhao, J. Cao, and J. Deng. 
2003. Mass rearing of Aphidius gifuensis (Hymenoptera: Aphidiidae) for biological control of Myzus 
persicae (Homoptera: Aphididae). Biocontrol Science and Technology 13: 87-97. 


16 Y. YU ET AL. 


Wei, J. N., B. B. Bai, T. S. Yin, Y. Wang, Y. Yang, L. H. Zhao, R. P. Kuang, and R. J. Xiang. 2005. 
Development and use of parasitoids (Hymenoptera: Aphidiidae & Aphelinidae) for biological control 
of aphids in China. Biocontrol Science and Technology 15: 533—551. 

Wu, X. F., T. F. Li, and J. N. Wei. 2000. Temperature effects on development and fecundity of Aphidius 
gifuensis Ashmead. Zoological Research 21(3): 192-198 [in Chinese]. 

Yang, S., S. Y. Yang, C. P. Zhang, J. N. Wei, and R. P. Kuang. 2009. Population dynamics of Myzus 
persicae on tobacco in Yunnan Province, China, before and after augmentative releases of Aphidius 
gifuensis. Biocontrol Science and Technology 19(2): 219—228. 

Yang, S., S. Y. Yang, C. P. Zhang, and R.P. Kuang. 2010. Changes of population dynamics of Myzus 
persicae and effects of its natural enemies in tobacco fields. Journal of Southwest China Normal 
University. Natural Science 35: 68—72 [in Chinese]. 

Yang, S., J. N. Wei, S. Y. Yang, and R. P. Kuang. 2011. Current status and future trends of augmentative 
release of Aphidius gifuensis for control of Myzus persicae in China's Yunnan Province. Journal 
Entomological Research Society 13: 87-99. 

Yang, S. Y., and J. L. Zhao. 2009. Mass rearing and release technique of Aphidius gifuensis, pp. 186—191. 
In Entomology Annual 2009 Conference in Yunnan Province, China [in Chinese]. 

Yunnan Tobacco Yuxi City Company. 2010. Aphidius gifuensis mass rearing and application. China 
Environmental Science Press. ISBN: 7511102441, 9787511102447, China [in Chinese]. 

Yun, D., T. L. Gao, B. J. Yu, S. Y. Yang, J. Zhu, and Z. H. Tian. 2012. Technical specification for 
Myzus persicae biological control with Aphidius gifuensis. YC/T 437-2012. China National Standard 
Press. 12 pp. [in Chinese]. 

Zhao, W. Y., C. P. Din, and W. L. Zhang. 1980. The bionomics of Aphidius gifuensis Ashmead and its 

utilization for the control of tobacco aphid Myzus persicae Sulzer. Zoological Research 1: 405—416 [in 
Chinese]. 


BIOLOGICAL CONTROL: CORNERSTONE OF AREA- 
WIDE-INTEGRATED PEST MANAGEMENT FOR THE 
CASSAVA MEALY BUG IN TROPICAL ASIA 


K. A. G. WYCKHUYS!, W. ORANKANOK?, J. W. KETELAAR, 
A. RAUF', G. GOERGEN AND P. NEUENSCHWANDER? 


ICGIAR Research Program on Roots, Tubers and Banana (CRP-RTB), International 
Center for Tropical Agriculture CIAT, Hanoi, Viet Nam; kagwyckhuys@gmail.com 
?Department of Agricultural Extension, Bangkok, Thailand 
¿Food and Agriculture Organization (FAO), Bangkok, Thailand 
*Bogor Agricultural University, Bogor, Indonesia 
International Institute of Tropical Agriculture (IITA), Cotonou, Benin 


SUMMARY 


The cassava mealybug Phenacoccus manihoti Mat.-Ferr. (Hemiptera: Pseudococcidae) is a globally 
important pest of cassava (Manihot esculenta Crantz), a crop that is cultivated on nearly 25 million ha 
across the tropics. Following its continent-wide invasion of Africa during the 1970s and early 1980s, P. 
manihoti was inadvertently introduced to Southeast Asia in late 2008, where it caused important yield drops 
in local crops. Guided by the widely-acclaimed biological control successes against this mealybug in 
Africa, the endophagous parasitoid Anagyrus lopezi De Santis (Hymenoptera: Encyrtidae) was introduced 
to Thailand in 2009. Subsequent introductions of A. /opezi were made into neighbouring countries, and an 
integrated campaign was launched to scale-up mealybug biological control. Multi-country field surveys 
were carried out to map P. manihoti geographic distribution, field-level abundance and extent of parasitoid- 
mediated suppression, and innovative extension programmes were deployed to raise farmer awareness of 
mealybug pests and associated natural enemies. Survey work from nearly 600 fields throughout mainland 
Southeast Asia revealed that P. manihoti occurred at abundance levels of 14.3 + 30.8 individuals per tip in 
the dry-season, and A. /opezi parasitism averaged at 38.9%. An applied research programme yielded critical 
insights into various determinants of A. /opezi establishment, spread and biological control efficacy. In 
close collaboration with national partners, research was carried out on the eventual effects of soil fertility 
and plant nutrition, landscape composition, and a plant's phytopathogen infection status, amongst others. 
Our work shows how the host-specific A. lopezi effectively suppresses the cassava mealybug across a range 
of agro-climatic, biophysical and socio-economic contexts in tropical Asia, and constitutes a central 
component of area-wide integrated pest management (AW-IPM) for this global pest invader. This study 
also underlines the need for holistic, transdisciplinary approaches to (invasive) pest management, and the 
tangible yet (largely) untapped potential of coupling social and biological sciences to address crop 
protection problems in the developing-world tropics. 
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1. INTRODUCTION 


Cassava mealybug Phenacoccus manihoti Mat.-Ferr. (Hemiptera: Pseudococcidae) is 
a prominent herbivore on cassava (Manihot esculenta Crantz) and one of the world's 
most notorious invasive species. Endemic to the Paraguay River basin in South 
America, P. manihoti was inadvertently introduced into Africa during the early 1970s 
and rapidly spread across the continent's extensive cassava belt (Herren and 
Neuenschwander 1991; Bellotti et al. 2012). Capable of inflicting yield losses up to 
58-84% (Nwanze 1982; Schulthess et al. 1991), P. manihoti devastated local cassava 
production and caused widespread hunger for farming families across sub-Saharan 
Africa. 

In late 2008, this same pest was detected in Thailand's eastern seaboard, where it 
caused an 18% drop in aggregate crop yield of cassava, a yearly loss of over 8 million 
ton fresh root in Thailand alone, and more than 2-fold surges in prices of cassava 
starch (Muniappan et al. 2009; Wyckhuys et al. unpublished). By 2011, P. manihoti 
had spread extensively in Thailand and had inflicted economic losses on the country’s 
cassava sector of over USD 30 million nationally (TTTA 2011). 

In 2014, P. manihoti had also entered prime cassava growing areas in 
neighbouring Cambodia, Indonesia, Lao PDR, Malaysia, and Viet Nam (Sartiami et 
al. 2015; Graziosi et al. 2016). Climate-based niche modelling revealed that other key 
cassava production areas in eastern Indonesia and the Philippines are also at risk to P. 
manihoti (Yonow et al. 2017). As Southeast Asia accounts for nearly 95% of the 
world’s cassava exports and is home to a multi-billion-dollar cassava starch industry 
(Cramb et al. 2017), P. manihoti was expected to inflict major socio-economic 
impacts at a regional level. 


1.1. Control of Cassava Mealybug in Africa 


Though this mealybug invader evidently posed an immediate threat to the rural 
economy of several Asian countries, a nearly tailor-made management solution had 
been successfully developed in Africa more than thirty years ago. In fact, after the 
1980 discovery of P. manihoti in Paraguay by A. Bellotti (International Center for 
Tropical Agriculture, CIAT), one of the world's best-known and successful insect 
classical biological control programmes was initiated (Bellotti et al. 1999; 
Neuenschwander 2001). In 1981, the Centre for Agriculture and Bioscience 
International (CABI) and the International Institute of Tropical Agriculture (IITA) 
teamed up to carry out foreign exploration in the presumed region of origin of P. 
manihoti, ultimately resulting in the collection and subsequent shipment of the 
Anagyrus lopezi De Santis (Hymenoptera: Encyrtidae) (Lóhr et al. 1990). 

Following its 1981 release in western Nigeria, A. lopezi promptly established and 
suppressed P. manihoti population levels from more than 100 to fewer than 10—20 
individuals per cassava tip (Hammond et al. 1987). In less than three years following 
its release, A. lopezi had effectively dispersed over 200 000 km? in south-western 
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Nigeria. It had also been mass-reared and distributed across multiple release points in 
several African countries (Herren et al. 1987). Though multiple endemic primary 
parasitoids and hyperparasitoids were recorded in mealybug-invaded areas in Africa 
(Neuenschwander et al. 1987; Neuenschwander and Hammond 1988), these largely 
did not impede the success of A. lopezi as a biological control agent. 

Overall, the parasitoid wasp successfully established in 26 African countries, 
prevented wide-spread famine and generated economic benefits of USD 9400-20 200 
million (Zeddies et al. 2001). Moreover, across the highly diverse and vast African 
continent, no agro-ecological conditions were found under which A. lopezi was unable 
to establish and attack its mealybug host (Neuenschwander 2001 ). 


1.2. Cassava Mealybug in Southeast Asia 


Soon after its detection in Asia, Thailand's late Amporn Winotai of the Department 
of Agriculture (DoA) solicited assistance from CIAT's Anthony Bellotti to tackle the 
fast-spreading mealybug pests in her country. Well aware of the accomplishments in 
Africa, A. Bellotti rightly pointed Thai colleagues to G. Goergen and P. 
Neuenschwander at the IITA station in Cotonou, Benin. In late 2009, 4. lopezi was 
then effectively introduced from West Africa into Thailand, and rearing labs were 
established in different parts of the country, through a joint endeavour between the 
Food and Agriculture Organization of the United Nations (FAO), centres of the 
Consultative Group on International Agricultural Research (CGIAR), and Thailand's 
Royal Government (Winotai et al. 2010). 

The A. lopezi releases received ample public attention and quickly culminated in 
an unprecedented, nation-wide campaign to mass-rear and distribute wasps, in which 
government institutions, grower associations and private sector actors, such as the 
Thai Tapioca Development Institute (TTDI), all joined forces. Within the context of 
a regional technical cooperation project, mass-releases of A. lopezi were carried out 
across Thailand, some of which by airplane, and were followed by FAO-led 
introductions into Cambodia, Lao PDR and Viet Nam. The 2014 release of several 
hundred A. lopezi pairs into Indonesia were enabled by A. Rauf at Bogor Agricultural 
University (Wyckhuys et al. 2015). All these parasitoid introductions and capacity 
building interventions were implemented with the Royal Thai Government Ministry 
of Agriculture and Cooperatives’ technical assistance, most notably from key IPM 
experts in its Department of Agriculture (DoA) and Department of Agricultural 
Extension (DoAE). 

Other methods promoted for P. manihoti control include neonicotinoid stake dips 
(e.g. Parsa et al. 2012) and mass-releases of laboratory-reared predators and 
entomopathogens (Saengyot and Burikam 2012; Sattayawong et al. 2016). Despite 
the above efforts to promote a wide range of chemical and biologically-based 
management tactics, it is widely thought that it is A. lopezi that suppressed cassava 
mealybug populations across mainland Southeast Asia. 

In this paper, we provide an in-depth assessment of P. manihoti population 
pressure and Asia-wide distribution, report on the establishment and spatial spread of 
the introduced A. lopezi, and examine biophysical, agro-climatic, and social factors 
that might enhance or impede mealybug biological control. 
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2. MAPPING MEALYBUG DISTRIBUTION 


Until the appearance of P. manihoti in Asia's cassava fields, there was only scant and 
scattered information about the nature, distribution, etiology, epidemiology and 
ecology of the primary phytosanitary constraints of this crop in Southeast Asia 
(Bellotti et al. 2012; Graziosi and Wyckhuys 2017). In late 2013 though, an ambitious 
surveillance programme was set up together with international and national partners 
in Cambodia, Lao PDR, Myanmar, southern China, Thailand, and Viet Nam. With 
backstopping through the late Prabat Kumar at the Asian Institute of Technology, this 
programme intended to map the geographic distribution of P. manihoti, assess its pest 
pressure in local cassava fields, chart its potential invasion pathways, and understand 
its relative importance in relation to other arthropod pests and plant diseases. 
Ultimately, the programme sampled more than 572 cassava fields over 2 years, 
covering areas as diverse as Viet Nam's Central Highlands, the Ayeyawaddy delta of 
Myanmar or the remote uplands of southern Lao PDR. 

Survey protocols are described in detail in Graziosi et al. (2016). In brief, we 
randomly selected older fields (75-6 months old) in the main cassava-growing 
provinces within each country, with separate plots located at least 1 km apart. Surveys 
were carried out in January-May 2014 (dry season), October-November 2014 (late 
rainy season) and January-March 2015 (dry season). Location and elevation of each 
field were recorded using a handheld GPS unit (Garmin Ltd, Olathe, Kansas, USA). 
Per field, five linear transects were randomly chosen, with each transect covering 10 
plants. By doing so, a total of 50 plants per field were assessed for P. manihoti 
infection status and associated ‘bunchy top’ symptoms (Neuenschwander et al. 1987), 
and per-plant mealybug abundance. In-field identification of mealybugs was based on 
morphological characters such as colour and length of abdominal waxy filaments. 
Following transect walks, we computed average P. manihoti infestation pressure 
(number of individuals per infected tip) and estimated field-level incidence of this 
pest (proportion of P. manihoti-affected tips, or ‘bunchy tops’) for each field. 

Mealybugs are the most widespread group of arthropods on cassava crops in 
Southeast Asia, occurring in 7096 of cassava fields (Graziosi et al. 2016). In some 
countries, such as Myanmar and Thailand, mealybugs were found in 95 and 10096 of 
the fields, respectively. In infested fields, mealybugs were found on 27 + 2% of plants, 
this representing the highest incidence among cassava-associated arthropods. The 
resident mealybug community on cassava was composed of 4 non-native species: (1) 
P. manihoti; (2) the papaya mealybug Paracoccus marginatus Williams & Granara 
de Willink; (3) Pseudococcus jackbeardsleyi Gimpel & Miller; and (4) the striped 
mealybug Ferrisia virgata Cockerell. 

Within this mealybug community, P. manihoti represented 19.8% of the species 
complex (n= 572 fields, across dry and rainy season), and was recorded from 37% of 
fields during the 2014 dry season. The cassava mealybug was recorded from fields 
across Cambodia and Thailand, and it was also recorded in southern parts of Lao PDR 
and Viet Nam (Fig. 1). Across sites and sampling events, P. manihoti was recorded at 
average incidence rates of 7.4 + 15.8% and dry-season abundance of 14.3 + 30.8 
individuals per infected tip. Maximum incidence rates were 100%, and maximum 
field-level abundance was 366.6 mealybugs per tip. Field-level abundance and 
incidence rates were highly variable between settings and countries (Table 1). 
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Figure 1. Geographic distribution of Phenacoccus manihoti, as recorded during 2014-15 
surveillance across the Greater Mekong subregion. 


Overall, in Asia's primary cassava cropping areas, current mealybug pest pressure 
was nearly identical to that in Africa during the mid-1980s. At the time, P. manihoti 
populations collapsed soon after parasitoid introduction and stabilized at incidence 
rates of 23% and abundance levels below 10 individuals per tip (Hammond and 
Neuenschwander 1990). 


3. PARASITOID ESTABLISHMENT, SPREAD AND INCIDENCE 


To assess A. lopezi establishment patterns and parasitism rates, and to delineate the 
parasitoid community associated with P. manihoti, we conducted two observational 
studies. First, over the course of two consecutive growing seasons, bi-monthly 
sampling was carried out in Tay Ninh, Viet Nam to characterize mealybug-parasitoid 
population dynamics (Le et al., unpublished). Second, dry-season sampling was done 
during 2014-2016 at a number of mealybug-invaded sites in eastern Cambodia (n = 
15), eastern Thailand (n = 20), and southern Viet Nam (n = 19, 40). In each 
experiment, sampling consisted of collecting a total of 20 mealybug-infested tips or 
“punchy tops’ from local cassava fields that were transferred to the laboratory for 
subsequent assessment of parasitoid emergence. 
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Table 1. Average incidence (percentage mealybug-infested plants per field; mean + SD) and 
abundance (number of individuals per infected tip) of Phenacoccus manihoti as recorded 
during multi-country surveillance in the 2014-15 growing seasons 


Country Province Date Season | Sample | Incidence | Abundance 
size (96) (#/ tp) 
(n) 
Thailand Nakhon Ratchasima | Mar 2014 Dry 10 22.6+16.1 | 16.3 +18.5 
Kampheang Phet Mar 2014 Dry 9 3.8+ 52 92+ 8.8 
Chachoengsao Mar 2014 Dry 9 294 4.7 65+ 54 
Kanchanaburi Mar 2014 Dry 11 6.6 + 13.2 37.0 + 58.9 
Lao PDR Borikhamxay Feb 2014 Dry 27 0.5+ 1.9 1.7+ 1.5 
Vientiane capital Feb 2014 Dry 22 0.12 0.4 1.04 0.0 
Xiengkhuong Jan 2014 Dry 6 0.0 0.0 
Xayabuli Feb 2014 Dry 20 0.0 0.0 
Champasak Feb 2014 Dry 25 4211.1 34x 42 
Salavan Feb 2014 Dry 25 13.6 + 18.3 6.32 9.6 
Cambodia | Banteay Meanchey Feb 2014 Dry 20 13.8 + 11.9 7.7% 44 
Kampong Cham Feb 2014 Dry 20 6.7 + 18.2 14.4 + 144 
Pailin Feb 2014 Dry 19 9.5 + 17.9 S5+ 3:9 
Battambang Mar 2014 Dry 20 0.332 0.9 122 03 
Kratie Feb 2014 Dry 20 16.3+14.2 | 24.7 +26.5 
Myanmar | Ayeyawaddy Apr 2014 Dry 20 0.0 0.0 
Viet Nam Dong Nai Feb 2014 Dry 20 43.7£19.7 | 32.5+14.6 
Binh Phuoc Apr 2014 Dry 21 3.0 + 13.4 7.7+ 0.0 
Ba Ria-Vung Tau May 2014 Rainy 20 35.9+29.4 | 11.1+17.0 
Tay Ninh May 2014 Rainy 21 $0 82 50% 23 
Phu Yen Apr 2014 Dry 19 0.0 0.0 
Dak Lak Mar 2015 Dry 10 11.6+ 6.4 3.74 24 
Quang Ngai Apr 2014 Rainy 20 0.0 0.0 
Binh Thuan Mar 2015 Dry 10 9.2 € 14.5 7.1 + 12.8 
Yen Bai Oct 2014 Rainy 20 0.0 0.0 
Phu Tho Oct 2014 Rainy 19 0.0 0.0 
China Yunnan Nov 2014 Rainy 25 0.0 0.0 


Sampling procedures were adapted from Neuenschwander and Hammond (1988) 
and consisted of breaking off 20-cm ‘tips’ of infested plants and placing these in 
sealed paper bags. Next, bags with plant material were transferred to the laboratory, 
where each tip was carefully examined and the total number of P. manihoti was 
counted. Next, cassava tips were individualized within transparent polyvinyl chloride 
(PVC) containers and covered with fine cotton fabric mesh. Over the course of 3 
weeks, containers were stored at ambient conditions and inspected on a daily basis for 
emergence of parasitoid wasps. Next, parasitoids and potential hyperparasitoids were 
collected by aspirator and stored for subsequent identification. 

In the first study, P. manihoti occurred at an average incidence of 24.8 + 17.7% 
and abundance level of 5.6 + 5.3 individuals per tip across both growing seasons. In 
general, mealybug populations built up during the second half of the dry season and 
remained at low levels during the rainy season. High A. /opezi parasitism levels were 
recorded during each year, at average levels of 50.3% and 43.9% in rainy and dry 
season, respectively. Though rainfall does indeed cause high mortality of P. manihoti, 
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it is believed that A. lopezi accounts for the sustained low mealybug population levels 
across seasons, through direct P. manihoti parasitism and host-feeding. The primary 
parasitoid community was entirely composed of A. lopezi, yet three potential 
hymenopterous hyperparasitoid species were also found from sites in Tay Ninh (Viet 
Nam): Chartocerus sp. near walkeri (Signiphoridae), Promuscidea unfasciativentris 
Girault (Eriaporidae) and Prochiloneurus sp. (Encyrtidae). Hyperparasitism levels 
were on average 2.8 + 5.4%, with maximum rates of 26.4%. In smallholder cassava 
fields in eastern Cambodia, the hyperparasitoid community was found to be more 
diverse and species-rich, though locally-recorded species remain to be identified 
(Wyckhuys et al. 2017c). 

In the second study, Æ. lopezi was found in P. manihoti-affected fields in 
Cambodia, Thailand and Viet Nam at parasitism levels of 10-57%, with an overall 
average of 38.9% (Wyckhuys et al. 2017b). Both studies exemplify how the 
introduced parasitoid has effectively colonized cassava fields in at least three Asian 
countries, attaining medium to high parasitism rates and contributing to P. manihoti 
control under a variety of agro-ecological conditions. 


4. MULTI-FACETED DETERMINANTS OF BIOLOGICAL CONTROL 
SUCCESS 


Field surveys and observational studies across the tropical Asia region have shown 
relatively low P. manihoti infestation levels, yet highly variable A. /opezi parasitism 
rates. For example, while A. /opezi attains dry-season parasitism of 16.3 + 3.4% in 
coastal Viet Nam, it attains rates of 52.9 + 4.3% in intensified cropping systems in the 
Tay Ninh province (Fig. 2). 

To gain a better appreciation of potential constraints to A. lopezi success, we 
examined P. manihoti biological control through a number of different lenses, 
drawing on disciplines such as landscape ecology, plant pathology and soil science. 
Other factors, such as access to floral nectar and interference through tending ants are 
being investigated by A. Rauf and students in Indonesia, but they are not reported in 
this paper. 


4.1. Soil-Mediated Effects on Mealybug Biological Control 


Soil fertility and structure can determine plant health and shape overall resistance to 
pests (Amtmann et al. 2008), however, the impact of below-ground processes on 
above-ground interactions varies and is particularly difficult to predict. Also, 
alterations in plant nutrients are readily transmitted through trophic chains and affect 
the relative role of resource (“bottom-up”) versus consumer (“top-down”) forces in 
the structuring of ecological communities (Hunter and Price 1992). The success of 
both native and invasive herbivores has been explained through a range of theories 
and hypotheses, some of which simultaneously account for the role of the above plant 
resource availability and natural enemies (Blumenthal 2005; Center et al. 2014). 
Hence, understanding how certain herbivores (such as P. manihoti) and their 
associated parasitoids such as A. lopezi interact and respond to soil fertility and plant 
nutrient status is extremely valuable. 
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Figure 2. Parasitism levels (mean X SD) by Anagyrus lopezi, as recorded from selected fields 
in the invaded range of Phenacoccus manihoti (respective sample size: 20, 15, 19, 40). 


During 2015-2016, a set of manipulative trials and observational studies were 
carried out to illuminate how soil fertility affects P. manihoti x A. lopezi interactions 
(Wyckhuys et al. 2017b). More specifically, potted-plant fertilizer trials were 
combined with a regional survey of 65 cassava fields with varying soil fertility. Pot 
trials revealed strong bottom-up effects for P. manihoti, with nitrogen and potassium 
addition equally boosting development and fitness of A. lopezi. 

Field surveys indicate that mealybug performance is highly species-specific and 
context-dependent. For P. manihoti, in-field abundance is associated with soil texture, 
i.e. silt content, and mealybug populations are disproportionately favoured in low- 
fertility conditions. Parasitism by A. lopezi varied greatly with field and soil fertility 
conditions and was highest in soils with intermediate fertility levels and where 
management practices include the addition of fertilizer supplements. 

These findings on the field context show how deficient soil management can 
further exacerbate mealybug pest problems and ultimately push farmers into ‘poverty 
traps’. On the other hand, our work can help target additional biological control 
measures and inform management practices, such as mulching, organic matter 
addition, or corrective nutrient supplementation, to enhance or restore mealybug 
biological control. 

Similar impact across several trophic levels had been documented also in Africa. 
In Malawi, for instance, biological control despite the presence of A. lopezi only failed 
in the few (10%) fields on sandy, un-mulched soils that did not sustain leafy plants 
(Neuenschwander et al. 1991). 
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4.2. Plant-Microbe-Insect Interactions 


In recent years, scientific interest in plant-insect-microbe or ‘cross-kingdom’ 
interactions has boomed, steadily revealing the multiple, intricate ways in which 
micro-organisms mediate plant-herbivore interplay (Ponzio et al. 2013; Tack and 
Dicke 2013). Phytopathogens regularly alter whole repertoires of plant phenotypic 
traits, and they bring about shifts in key chemical or morphological characteristics of 
plant hosts (Tack et al. 2012; Biere and Tack 2013). Though largely overlooked, 
pathogens can also cause cascading effects on higher trophic levels and eventually 
shape entire plant-associated arthropod communities. 

In an observational study in early 2016, I. Graziosi and Cambodian colleagues 
investigated whether a Candidatus Phytoplasma causing cassava witches' broom 
(CWB) is altering relative abundance and species composition of different invasive 
mealybugs and determines success of their associated parasitoids, including A. lopezi. 
The CWB is an emerging phytopathogen that occurs at near-pandemic levels in 
several parts of Southeast Asia, and which causes leaf discoloration, extensive 
proliferation of leaves and stems, and stunted growth. In their study, samples were 
taken from multiple sites of CWB-symptomatic and asymptomatic plants (Wyckhuys 
et al. 2007c). From each plant, the apical part or ‘tip’ was collected and transferred to 
the laboratory for further processing. After counting and identifying all mealybug 
individuals, each cassava tip was transferred individually to transparent PVC 
containers, closed with fabric mesh. Over a period of 14 days, containers were 
checked for emergence of parasitoids or hyperparasitoids. Parasitoids were identified 
to morpho-type and stored in ethanol for subsequent species-level identification. 
CWB infection was found to positively affect overall mealybug abundance and 
species richness, and to disproportionately favour the generalist Paracoccus 
marginatus over P. manihoti (Fig. 3). 

Moreover, CWB phytoplasma infection was positively correlated with an 
increased parasitoid richness and diversity. Though overall parasitism rate did not 
differ among CWB-infected and uninfected plants, lower numbers of A. lopezi were 
obtained from infected plants. Also, CWB-infection status affected A. lopezi sex ratio, 
with more male-biased sex ratios on CWB-infected plants (Wyckhuys et al. 2017c). 
This possibly could be explained by smaller ‘undernourished’ mealybugs which are 
more often selected by females for male eggs. 

This work underlines how systemic plant pathogens such as CWB do impact 
parasitoid establishment and efficacy, and how they could influence P. manihoti 
biological control. Hence, entomologists need to work across disciplines and take into 
consideration plant pathology aspects when assessing field-level parasitism rates and 
biological control success. 
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Figure 3. Plant-level abundance of different mealybug species on plants with characteristic 
symptoms of asymptomatic plants (CWB YN) and cassava witches’ broom (CWB_YY). 


4.3. Landscape-Level Drivers 


As exemplified in the above Sections, patch-level characteristics, such as soil fertility 
or plant disease pressure, greatly impact A. lopezi abundance and performance. On 
the other hand, landscape-level variables may equally affect biological control of 
invasive pests such as P. manihoti, though have rarely been taken into consideration. 

The impact of landscape structure on natural enemy abundance, diversity, and 
activity in temperate cropping systems such as grains, canola or cabbage crops is fairly 
well documented (Bianchi et al. 2006; Chaplin-Kramer et al. 2011; Schellhorn et al. 
2015), though much less is known about its overall impact on pest pressure or natural 
biological control. However, for specialist parasitoids such as A. lopezi, landscape 
simplification could be particularly disruptive (Cagnolo et al. 2009). Also, landscape 
complexity differentially benefits hyperparasitoids, which potentially could derail 
biological control of P. manihoti (Rand et al. 2012). 

In mid-2013, T. T. N. Le and collaborators from Viet Nam's Plant Protection 
Department (VPPD) embarked upon a two-year study to assess mealybug x parasitoid 
population dynamics under varying landscape context (Le et al. 2018). Over the 
course of two consecutive cropping seasons, insect populations were surveyed under 
small-field and high-diversity or large-field and low-diversity landscape settings. In 
certain areas, cassava fields are small (1—2 ha in size), embedded within relatively 
complex and diverse landscape settings (here termed ‘high-diversity’ sites). Other 
landscape sectors are primarily made up of larger fields, ranging between 4 and 8 ha 
(here termed ‘low-diversity’ sites). Overall, P. manihoti colonized fields earlier and 
attained higher incidence in small plots within high-diversity landscapes as compared 
to large fields in simplified landscapes (Fig. 4). 
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Landscape type, however, significantly affected hyperparasitism rate at certain 
crop ages, but did not impact P. manihoti abundance or A. /opezi parasitism rate. Also, 
a slightly more pronounced density-dependent response of A. lopezi was found within 
low-diversity settings, at a scale of both individual cassava tips and entire fields. 
These landscape-dependent impacts likely directly relate to dispersal modalities and 
other ecological traits of A. lopezi, including its supreme ecological plasticity, 
exceptional dispersal capacity and ability to equally host-feed and consume cassava 
extra-floral nectar (Neuenschwander 2001). 
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Figure 4. Phenacoccus manihoti incidence (proportion infected plants) and Anagyrus lopezi 
parasitism rate during dry and rainy season, for fields within high- and low-diversity 
landscape settings (see Le et al. 2018). 


5. SOCIAL SCIENCE: COMPASS AND PUBLIC AWARENESS FOR A 
REGIONAL BIOLOGICAL CONTROL CAMPAIGN 


Though regularly overlooked or roundly disregarded, social science is of paramount 
importance for the successful promotion of IPM, and particularly for effective 
biological insect control. More so, only a fraction of biological control studies over 
the past 25 years explicitly address social science or technology transfer aspects 
(Wyckhuys et al. 2017a). 
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A retrospective analysis of social science studies from the developing-world 
tropics showed that most farmers have highly-deficient knowledge of natural enemies, 
and routinely express doubts about the exact value of biological control services on 
their farm. More so, farmers’ knowledge of (fast-spreading) invasive pests and their 
control is considered to be exceptionally weak. These trends are worrying and could 
stifle farm-level adoption and subsequent diffusion of knowledge-intensive 
technologies such as biological control (Catalini and Tucker 2017). 

Though classical biological control - as in the case of A. lopezi - is largely 
considered to be self-propelling and requires little or no intervention by farmers 
(Andrews et al. 1992), it is critical to build and strengthen farmers’ agro-ecological 
knowledge in light of the active promotion of systemic insecticides for mealybug 
control. At the time of writing this chapter, hundreds of thousands of smallholder 
growers in one particular Asian country had embraced the use of prophylactic dips 
with neonicotinoids and considered those as a central component in their cassava crop 
management. These products cause long-term negative impacts on A. lopezi survival 
and fitness (Lankaew, Tan, Nguyen and Wyckhuys, unpublished), and as such they 
could hamper biological control. 

In late 2014, a two-country survey was started to characterize agro-ecological 
knowledge, attitudes and pest management practices of local cassava growers 
(Uphadyay et al. 2018). A parallel study was done by A. Rauf and N. Wardani in 
Indonesia. In Lao PDR and Viet Nam, farmers had limited awareness of recent 
invasive pests, such as P. manihoti, and their knowledge was highly context- and 
locality-specific, i.e. shaped by the invasion history of the mealybug. Only the 
occasional farmer was aware of the existence of natural enemies on his/her farm, and 
even charismatic and important guilds such as lady beetles, spiders or lacewings were 
recognized by <10% local growers. Overall, a minority of farmers used preventive 
tactics and in recently invaded fields frequently resorted to drastic measures such as 
overhead sprays of insecticides and burning of entire fields. In southern Viet Nam, 
women guide household-level IPM decision-making (Uphadyay et al. 2018), yet their 
weak agro-ecological knowledge base could further enable local diffusion of 
insecticide use. 

To counteract some of the above trends and ease obstacles in farmer learning about 
biological control, a video-mediated extension campaign was launched. Farmer-to- 
farmer video is particularly suited to transfer complex concepts such as parasitism and 
insect predation, and it can help secure P. manihoti biological control in Asia's 
cassava systems. A farmer to farmer video was developed by carefully selecting 
farmers from the FAO-deployed Farmer Field Schools in eastern Thailand and 
documenting some of their successes with P. manihoti control. This allowed 
production of a multi-lingual video entitled ‘Managing Mealybugs in Cassava’ by the 
Belgium-based company AgrolInsight. This video is available for streaming in English 
and multiple Asian languages through Access Agriculture (2019) or YouTube 
channels. This farmer-to-farmer video was subsequently distributed through multiple 
means, including private sector actors, national television and rural extension bureaus, 
reaching >200 000 growers in a matter of months in Viet Nam alone. 
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6. CONCLUSIONS 


This chapter aims at providing a comprehensive overview of the multi-institutional 
biological control programme against the invasive mealybug P. manihoti in cassava 
crops across mainland Southeast Asia. Two-year population surveys and area-wide 
pest surveillance reveal how P. manihoti has effectively spread to at least six Asian 
countries, yet occurs at low to intermediate incidence rates and at abundance levels of 
10-20 individuals per tip. Though rainfall and humidity are responsible for important 
levels of mortality, P. manihoti is deemed to be under effective biological control by 
the introduced A. lopezi. Five years after its introduction in eastern Thailand, A. lopezi 
is presently recorded at high though variable population levels in most mealybug- 
invaded fields in the region. Although not covered in this chapter, chemical and 
physical exclusion assays have shown how the resulting P. manihoti infestation rates 
only have minor impact on cassava crop yield or harvest indices. Hence, the minute 
wasp that was originally sourced in southern Brazil and Paraguay in 1981, and 
released across Africa during the 1980s, now also brings relief to cassava farmers in 
tropical Asia. The impact of this biological control programme on farmer livelihoods, 
national economies and rural agro-industries still needs to be assessed, but the 
economic benefits are expected to equal and probably surpass the multi-billion dollar 
benefits that were estimated in Africa (Zeddies et al. 2001; Wyckhuys et al. 2018). 

Some of the factors that underpinned the outright success of this tropical Asia- 
wide biological control campaign are the following: 

1. Globe-spanning collaboration between FAO, CABI and CGIAR institutions, 
plus ready access to insect biodiversity in countries such as Brazil and Paraguay, 
allowed the necessary foreign exploration and effective identification of suitable 
natural enemies. Next, a swift mobilization of government institutions in Thailand 
and the strong support from private sector actors such as TTDI proved to be of crucial 
importance in ensuring establishment and country-wide spread of A. lopezi. 

2. Extension campaigns that were built upon a sound appreciation of farmers' 
knowledge, attitudes and practices across farming contexts and sites. Though 
conventional extension initiatives were effective in Thailand, a farmer-to-farmer 
educational video proved to be key to transferring growers' experiences, perceptions 
and innovations from early-adopters and Farmer Field School groups in invaded 
areas. This undoubtedly boosted preparedness and prevented certain detrimental 
practices — such as unguided use of insecticides — from gaining a foothold. 

3. A near-exclusive focus on herbivore-natural enemy interactions at the level of 
a single plant is often adopted in today's biological control or IPM studies. Though 
this yields valuable insights into those particular trophic interactions, it regularly 
obscures other equally important mechanisms at different trophic, spatial or 
organizational scales. Hence, we advocate holistic, systems-level approaches that 
draw upon disciplines beyond conventional entomology or insect ecology. 

4. Gaining a thorough understanding of the various factors that shape variability 
in parasitism not only is valuable from an ecological perspective, but it can equally 
guide efforts to improve biological control efficacy (Rosenheim 1998). Our 
assessment of determinants of A. lopezi parasitism pointed to options to enhance 
mealybug pest control through interventions targeting soil nutrients, landscape 
composition, plant diseases, or crop management scenarios (for the latter, see 
Delaquis et al. 2018). 


30 K. A. G. WYCKHUYS ET AL. 


5. In September 2015, Nature Magazine (Volume 525) boldly stated that: 


“to solve the grand challenges facing society and to save the world, scientists 
and social scientists must work together" (Nature 2015). 


Interdisciplinary science matters (see also Brondizio et al. 2016), and our work 
underscores that fully collaborative, integrative research is central to effectively solve 
invasive pest problems and to advance AW-IPM and biological control in developing- 
world agriculture. 


7. ACKNOWLEDGEMENTS 


This work presents original data-sets that were generated through collaborative 
research by counterparts across tropical Asia, CIAT Asia personnel and international 
co-operators. The bulk of research was conducted as part of an EC-funded, IFAD- 
managed and CIAT-executed programme (CIAT-EGC-60-1000004285), while 
additional funding was provided through the CGIAR-wide Research Program on 
Roots, Tubers and Banana (CRP-RTB). Exploratory research on plant-insect-microbe 
interactions was carried out as part of a STINT project funded by the Swedish 
University of Agricultural Sciences (SLU). 


8. REFERENCES 


Access Agriculture. 2019. Managing mealybugs in cassava (video). 

Andrews, K. L., J. W. Bentley, and R. D. Cave. 1992. Enhancing biological control's contributions to 
Integrated Pest Management through appropriate levels of farmer participation. Florida Entomologist 
75: 429-439. 

Amtmann, A., S. Troufflard, and P. Armengaud. 2008. The effect of potassium nutrition on pest and 
disease resistance in plants. Physiologia Plantarum 133: 682—691. 

Bellotti, A. C., L. Smith, and S. L. Lapointe. 1999, Recent advances in cassava pest management. Annual 
Review of Entomology 44: 343—370. 

Bellotti, A. C., B. V. Herrera, and G. Hyman. 2012. Cassava production and pest management: Present 
and potential threats in a changing environment. Tropical Plant Biology 5: 39-72. 

Bianchi, F. J. J. A., C. J. H. Booij, and T. Tscharntke. 2006. Sustainable pest regulation in agricultural 
landscapes: A review on landscape composition, biodiversity and natural pest control. Proceedings of 
the Royal Society B — Biological Sciences 273: 1715-1727. 

Biere, A., and A. J. M. Tack. 2013. Evolutionary adaptation in three-way interactions between plants, 
microbes and arthropods. Functional Ecology 27: 646—660. 

Blumenthal, D., 2005. Interrelated causes of plant invasion. Science 310: 243—244. 

Brondizio, E. S., K. O'Brien, X. Bai, F. Biermann, W. Steffen, F. Berkhout, C. Cudennec, M. C. 
Lemos, A. Wolfe, J. Palma-Oliveira, and C. T. A. Chen. 2016. Re-conceptualizing the 
Anthropocene: A call for collaboration. Global Environmental Change 39: 318-327. 

Cagnolo, L., G. Valladares, A. Salvo, M. Cabido, and M. Zak. 2009. Habitat fragmentation and species 
loss across three interacting trophic levels: Effects of life-history and food-web traits. Conservation 
Biology 23: 1167-1175. 

Catalini, C., and C. Tucker. 2017. When early adopters don't adopt. Science 357: 135-136. 

Center, T. D., F. A. Dray, E. D. Mattison, P. W. Tipping, and M. B. Rayamajhi. 2014. Bottom-up 
effects on top-down regulation of a floating aquatic plant by two weevil species: The context-specific 
nature of biological control. Journal of Applied Ecology 51: 814—824. 

Chaplin-Kramer, R., M. E. O’Rourke, E. J. Blitzer, and C. Kremen. 2011. A meta-analysis of crop 
pest and natural enemy response to landscape complexity. Ecology Letters 14: 922-932. 


BIOLOGICAL CONTROL OF CASSAVA MEALYBUG IN ASIA 31 


Cramb, R., V. Manivong, C. J. Newby, K. Sothorn, and P. S. Sibat. 2017. Alternatives to land grabbing: 
Exploring conditions for smallholder inclusion in agricultural commodity chains in Southeast Asia. 
The Journal of Peasant Studies 44: 939—967. 

Delaquis, E., S. de Haan, and K. A. G. Wyckhuys. 2018. On-farm diversity offsets environmental 
pressures in tropical agro-ecosystems: A synthetic review for cassava-based systems. Agriculture, 
Ecosystems and Environment 251: 226-235. 

Graziosi, I., and K. A. G. Wyckhuys. 2017. Integrated management of arthropod pests of cassava: The 
case of Southeast Asia, pp. 1-26. In Hershey, C. (ed.), Achieving sustainable cultivation of cassava. 
Volume II. Burleigh Dodds, Swaston, Cambridge, UK. 300 pp. 

Graziosi, I., N. Minato, E. Alvarez, D. T. Ngo, T. X. Hoat, T. M. Aye, J. M. Pardo, P. Wongtiem, and 
K. A. G. Wyckhuys. 2016. Emerging pests and diseases of South-east Asian cassava: A 
comprehensive evaluation of geographic priorities, management options and research needs. Pest 
Management Science 72: 1071—1089. 

Hammond, W. N. O., and P. Neuenschwander. 1990. Sustained biological control of the cassava 
mealybug Phenacoccus  manihoti (Homoptera: Pseudococcidae) by  Epidinocarsis lopezi 
(Hymenoptera: Encyrtidae) in Nigeria. Entomophaga 35: 515—526. 

Hammond, W. N. O., P. Neuenschwander, and H. R. Herren. 1987. Impact of the exotic parasitoid 
Epidinocarsis lopezi on the cassava mealybug (Phenacoccus manihoti) populations. /n P. 
Neuenschwander, J. S. Yaninek, and H. R. Herren (eds.), Africa-wide biological control project of 
cassava pests. Insect Science and its Application 8: 887-891. 

Herren, H. R., and P. Neuenschwander. 1991. Biological control of cassava pests in Africa. Annual 
Review of Entomology 36: 257—283. 

Herren, H. R., P. Neuenschwander, R. D. Hennessey, and W. N. O. Hammond. 1987. Introduction and 
dispersal of Epidinocarsis lopezi (Hym., Encyrtidae), an exotic parasitoid of the cassava mealybug, 
Phenacoccus manihoti (Hom., Pseudococcidae), in Africa. Agriculture, Ecosystems and Environment 
19: 131-144. 

Hunter, M. D., and P. W. Price. 1992. Playing chutes and ladders: Heterogeneity and the relative roles of 
bottom-up and top-down forces in natural communities. Ecology 73: 724—732. 

Le, T. T. N., I. Graziosi, T. M. Cira, M. W. Gates, L. Parker, and K. A. G. Wyckhuys. 2018. Landscape 
context does not constrain biological control of Phenacoccus manihoti in intensified cassava systems 
of southern Vietnam. Biological Control 121: 129-139. 

Lóhr, B., A. M. Varela, and B. Santos. 1990. Exploration for natural enemies of the cassava mealybug, 
Phenacoccus manihoti (Homoptera: Pseudococcidae), in South America for the biological control of 
this introduced pest in Africa. Bulletin of Entomological Research 80(4): 417—425. 

Muniappan, R., B. M. Shepard, G. W. Watson, G. R. Carner, A. Rauf, D. Sartiami, P. Hidayat, J. V. 

K. Afun, G. Goergen, and A. K. M. Ziaur Rahman. 2009. New records of invasive insects 

(Hemiptera: Sternorrhyncha) in Southeast Asia and West Africa. Journal of Agricultural and Urban 

Entomology 26: 167-174. 

Nature 2015. Why interdisciplinary research matters. Scientists must work together to save the world. A 

special issue asks how they can scale disciplinary walls. 17 September 2015. Nature 525: 305. 

Neuenschwander, P., 2001. Biological control of the cassava mealybug in Africa: A review. Biological 

Control 21: 214-229. 

Neuenschwander, P., and W. N. O. Hammond. 1988. Natural enemy activity following the introduction 

of Epidinocarsis lopezi (Hymenoptera: Encyrtidae) against the cassava mealybug, Phenacoccus 

manihoti (Homoptera: Pseudococcidae) in southwestern Nigeria. Environmental Entomology 17: 894— 

902. 

Neuenschwander, P., W. N. O. Hammond, and R. D. Hennessey. 1987. Changes in the composition of 

the fauna associated with the cassava mealybug, Phenacoccus manihoti, following the introduction of 

the parasitoid Epidinocarsis lopezi. Insect Science and its Application 8: 893—898. 

Neuenschwander, P., R. Borowka, G. Phiri, H. Hammans, S. Nyirenda, E. H. Kapeya, and A. 

Gadabu. 1991. Biological control of the cassava mealybug PAenacoccus manihoti (Hom., 

Pseudococcidae) by Epidinocarsis lopezi (Hym., Encyrtidae) in Malawi. Biocontrol Science and 

Technololgy 1: 297—310. 

Nwanze, K. F. 1982. Relationships between cassava root yields and crop infestations by the mealybug, 
Phenacoccus manihoti. International Journal of Pest Management 28: 27-32. 

Parsa, S., T. Kondo, and A. Winotai. 2012. The cassava mealybug (Phenacoccus manihoti) in Asia: First 
records, potential distribution, and an identification key. PLoS One 7(10): e47675. 

Ponzio, C., R. Gols, C. M. J. Pieterse, and M. Dicke. 2013. Ecological and phytohormonal aspects of 
plant volatile emission in response to single and dual infestations with herbivores and phytopathogens. 
Functional Ecology 27: 587—598. 


32 K. A. G. WYCKHUYS ET AL. 


Rand, T. A., F. J. Van Veen, and T. Tscharntke. 2012. Landscape complexity differentially benefits 
generalized fourth, over specialized third, trophic level natural enemies. Ecography 35: 97-104. 

Rosenheim, J. A. 1998. Higher-order predators and the regulation of insect herbivore populations. Annual 
Review of Entomology 43: 421-447. 

Saengyot, S., and I. Burikam. 2012. Bionomics of the apefly, Spalgis epius (Lepidoptera: Lycaenidae), 
predatory on the papaya mealybug, Paracoccus marginatus (Hemiptera: Pseudococcidae) in Thailand. 
Songklanakarin Journal of Science and Technology 34: 1-7. 

Sartiami, D., G. W. Watson, M. N. M. Roff, M. Y. Hanifah, and A. B. Idris. 2015. First record of 
cassava mealybug, Phenacoccus manihoti (Hemiptera: Pseudococcidae), in Malaysia. Zootaxa 3957: 
235-238. 

Sattayawong, C., S. Uraichuen, and W. Suasa-ard. 2016. Larval preference and performance ofthe green 
lacewing, Plesiochrysa ramburi (Schneider) (Neuroptera: Chrysopidae), on three species of cassava 
mealybugs (Hemiptera: Pseudococcidae). Agriculture and Natural Resources 50: 460—464. 

Schellhorn, N. A., H. R. Parry, S. Macfadyen, Y. Wang, and M. P. Zalucki. 2015. Connecting scales: 
Achieving in-field pest control from areawide and landscape ecology studies. Insect Scien. 22: 35—51. 

Schulthess, F., J. U. Baumgartner, V. Delucchi, and A. P. Gutierrez. 1991. The influence of the cassava 
mealybug, Phenacoccus manihoti Mat.-Ferr. (Homoptera: Pseudococcidae) on yield formation of 
cassava, Manihot esculenta Crantz. Journal of Applied Entomology 111: 155-165. 

Tack, A. J. M., and M. Dicke. 2013. Plant pathogens structure arthropod communities across multiple 
spatial and temporal scales. Functional Ecology 27: 633—645. 

Tack, A. J. M., S. Gripenberg, and T. Roslin. 2012. Cross-kingdom interactions matter: Fungal-mediated 
interactions structure an insect community on oak. Ecology Letters 15: 177—185. 

(TTTA) Thai Tapioca Trade Association. 2011. Annual report. Bangkok, Thailand. 

Uphadyay, B., D. D. Burra, T. T. Nguyen, and K. A. G. Wyckhuys. 2018. Caught off guard: Folk 
knowledge proves deficient when addressing invasive pests in Asian cassava systems. Environment, 
Development and Sustainability 15(5): 1-21. 

Winotai, A., G. Goergen, M. Tamo, and P. Neuenschwander. 2010. Cassava mealybug has reached 
Asia. Biocontrol News and Information 31: 10N-11N. 

Wyckhuys, K. A. G., A. Rauf, and J. Ketelaar. 2015. Parasitoids introduced into Indonesia: Part of a 
region-wide campaign to tackle emerging cassava pests and diseases. Biocontrol News and Information 
35: 29N-38N. 

Wyckhuys, K. A. G., J. W. Bentley, R. Lie, T. T. N. Le, and M. Fredrix. 2017a. Maximizing farm-level 
uptake and diffusion of biological control innovations in today's digital era. BioControl 63: 133-148. 

Wyckhuys, K. A. G., D. D. Burra, D. H. Tran, I. Graziosi, A. J. Walter, T. G. Nguyen, H. N. Trong, 
B. V. Le, T. T. N. Le, and S. J. Fonte. 2017b. Soil fertility regulates invasive herbivore performance 
and top-down control in tropical agro-ecosystems of Southeast Asia. Agriculture, Ecosystems and 
Environment 249: 38-49. 

Wyckhuys, K. A. G., I. Graziosi, I., D. D. Burra, and A. J. Walter. 2017c. Phytoplasma infection of a 
tropical root crop triggers bottom-up cascades by favoring generalist over specialist herbivores. PLoS 
One 12(8): e0182766. 

Wyckhuys, K., W. Zhang, S. Prager, D. Kramer, E. Delaquis, C. Gonzalez, and W. van der Werf. 
2018. Biological control of an invasive pest eases pressures on global commodity markets. 
Environmental Research Letters 13(9): 094005. 

Yonow, T., D. J. Kriticos, and N. Ota. 2017. The potential distribution of cassava mealybug (Phenacoccus 
manihoti), a threat to food security for the poor. PLoS One 12(3): e0173265. 

Zeddies, J., R. P. Schaab, P. Neuenschwander, and H. R. Herren. 2001. Economics of biological control 
of cassava mealybug in Africa. Agricultural Economics 24: 209—219. 


HOLISTIC AREA-WIDE APPROACH FOR 
SUCCESSFULLY MANAGING CITRUS GREENING 
(HUANGLONGBING) IN MEXICO 


C. J. GARCÍA-ÁVILA, F. J. TRUJILLO-ARRIAGA, A. QUEZADA- 
SALINAS, I. RUIZ-GALVÁN, D. BRAVO-PÉREZ, J. M. PINEDA- 
RÍOS, J. G. FLORENCIO-ANASTASIO AND 
P. L. ROBLES-GARCÍA 


General Directorate of Plant Health (DGSV) of Servicio Nacional de Sanidad, 
Inocuidad y Calidad Agroalimentaria (SENASICA), Guillermo Pérez Valenzuela 
127, Coyoacán 04100, Mexico City, Mexico; clemente.garcia@senasica.gob.mx 


SUMMARY 


The General Directorate of Plant Health (DGSV in Spanish) is recognized as the National Plant Protection 
Organization of the Federal Government of Mexico that acts under the Plant Health Federal Law. Some 
relevant plant protection programmes that Mexico is implementing include: The Huanglongbing (HLB) - 
Asian Citrus Psyllid (ACP) Programme, Mediterranean Fruit Fly Programme, National Fruit Fly Campaign, 
Pink Hibiscus Mealybug Programme and a permanent Phytosanitary Epidemiological Surveillance 
Programme to prevent the introduction and spread of regulated non-native pests. HLB or citrus greening is 
caused by the bacterium, Candidatus Liberibacter spp., and considered the most devastating citrus disease 
in the world. Once infected, it causes the death of orange, mandarin, grapefruit and lemon trees within 3 to 
8 years. HLB is transmitted by the ACP, (Diaphorina citri Kuwayama), an insect vector widely distributed 
in most citrus producing regions of the world, including the citrus areas of Mexico. Until 2004, the disease 
only existed in Asia and Africa. It was first reported to occur in the Americas in 2004 (São Paulo, Brazil) 
and 2005 (Florida USA). In 2009, it was detected for the first time in Yucatán, Mexico. During that year, 
the national Mexican citrus production was 6.82 million tons (SIAP 2017). The economic impact evaluation 
by Salcedo-Baca et al. (2010) indicated that without the intervention ofthe Federal Government, HLB would 
be responsible for a reduction of the Mexican citrus production by 2.7 million tons in five years (39.6%). In 
spite of the spread of HLB, the citrus production in Mexico increased 1196 to 7.56 million tons in 2015 
(SIAP 2017). Today Mexico has 573 406 hectares (ha) of citrus compared to 545 947 in 2009, an increase 
of 5%. The first phytosanitary actions implemented on an area-wide basis were: (1) timely detection of HLB 
in agricultural and urban areas; (2) systematic elimination of infected trees in areas under surveillance; (3) 
control of the D. citri vector and (4) protection of propagative material in nurseries to avoid its infection. As 
a result of the successful HLB Programme implemented since 2008, adverse effects of the disease have 
largely been avoided. Management of HLB is organized through Regional Areas of Control (Areas 
Regionales de Control or ARCOs), which implement the following area-wide measures: epidemiological 
surveillance and monitoring of psyllids based on criteria associated to climate and host presence in urban 
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and cultivated areas, and chemical and biological controls. From 2010 to 2015, 31 million parasitoid wasps 
Tamarixia radiata (Waterston) were produced and released in commercial citrus and backyard host areas of 
Yucatán, Quintana Roo, Campeche, Tabasco, Chiapas, Oaxaca, Hidalgo and Guerrero. The ARCOs are 
public-private organizations jointly operated by federal and state governments together with citrus grower 
associations. In 2016, the Mexican government allocated almost USD 8.5 million to the HLB Programme. 
With these actions, Mexico has largely mitigated the adverse effects of the disease while at the same time 
slightly increased citrus production. In addition, research programmes have been established together with 
scientific institutions to generate vegetative material with tolerance or resistance to the disease. Although 
the government has successfully implemented area-wide strategies for regional control, it is necessary to 
develop new and improved technologies to eliminate the vector, following the example ofthe Mediterranean 
fruit fly Programme in Mexico. 


Key Words: Asian citrus psyllid, Diaphorina citri, Candidatus Liberibacter, economic impact, Mexican 
states, citrus production, Tamarixia radiata 


1l. INTRODUCTION 


Huanglongbing (HLB) or citrus greening is a disease native to China and is considered 
one of the most destructive citrus diseases in Asian countries where its occurrence was 
originally reported more than a century ago (Bové 2006). More recently this bacterium 
reached the American continent together with its insect vector, the Asian citrus psyllid 
(ACP) (Diaphorina citri Kuwayama), capable of infecting and causing considerable 
damage to plants in the family Rutaceae (Alemán et al. 2007; Bové 2012). 

The current geographic distribution of HLB extends to 12 countries in Asia, several 
islands in the Indian Ocean, Iran, portions of Africa, the Arabian Peninsula, Argentina, 
Brazil, Paraguay, Central America (except Panama), Barbados, Belize, Cuba, 
Dominican Republic, Guadeloupe, Jamaica, Martinique, USA (including Puerto Rico 
and the U.S. Virgin Islands) and Mexico (da Graça and Korsten 2004; Halbert and 
Manjunath 2004; NAPPO 2005; Bové 2006; Manjunath et al. 2008; Collazo et al. 
2009; Trujillo-Arriaga 2011). In 2009, HLB was detected in Mexico for the first time 
in the state of Yucatán, and now is known to occur in 24 Mexican states (SENASICA 
2017a). 

The HLB-causing bacterium mainly attacks sweet orange and mandarins (da Graça 
and Korsten 2004) although all citrus varieties have shown varying degrees of 
susceptibility to infection as well as other members of the Rutaceae family. Currently, 
there is no successful control method to cure this disease, and as a result, infected trees 
die in the course of a few years. 

This disease is caused by Gram-negative bacteria of the genus Candidatus 
Liberibacter (Bové 2006). There are three species of HLB-associated bacteria: Ca. L. 
asiaticus, Ca. L. africanus and Ca. L. americanus. All three have been described as the 
cause of HLB in different countries and climates world-wide (da Graga and Korsten 
2004; Halbert and Manjunath 2004; Bové 2006; Wang et al. 2009), along with its insect 
vectors: ACP and the African psyllid, Trioza erytreae (Del Guercio). The first is the 
vector of Ca. L. asiaticus and Ca. L. americanus; while T. erytreae is the vector of Ca. 
L. africanus. A fourth species, Ca. L. caribbeanus, recently was identified from 
samples of ACP and Citrus sinensis (L.) Osbeck in Córdoba, Colombia. Efforts are 
underway to determine its pathogenicity and if it causes HLB symptoms (Keremane et 
al 2015). 
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The main symptoms of HLB are asymmetrical blotchy mottle yellowing in leaves, 
chlorosis, fruit drop and foliar loss and tree death. In addition to reducing the size and 
quality of fruit, the disease causes malformations and bad taste of fruit (Schwarz et al. 
1973; Bové 2006). Although infected trees can remain productive for 5 to 8 years, the 
fruit are of poor quality (Halbert and Manjunath 2004). 

To date, no control strategy is available that allows the immediate elimination of 
the pathogen, so its management in commercial citrus production areas is limited to 
the control of psyllid vectors through the application of insecticides, elimination of 
symptomatic trees with the aim of reducing levels of inoculum, isolation of affected 
areas by quarantine enforcement, and certification of pathogen-free propagative 
material (da Graca and Korsten 2004; Bové 2006; Manjunath et al. 2008; Gottwald et 
al. 2012). Because infected orchards become economically non-viable after 7 to 10 
years, efforts focus on elimination of infected trees that have caused losses worth 
billions of dollars on a global basis (Gottwald et al. 1991; Vojnov et al. 2010). 

In Florida, introduction of HLB resulted in major changes to pest management 
practices and corresponding costs. According to Singerman and Burani-Arouca 
(2017), average annual pest control consisted of two sprays for processed juice fruit 
and six sprays for fresh market grapefruit mostly to control several minor diseases, 
mites and weevils. Following a series of hurricanes in 2004 and 2005, that resulted in 
the catastrophic spread of citrus canker and forced abandonment of eradication actions, 
the number of sprays increased to 3—4 for processed juice oranges and 10 for fresh 
market grapefruit. After the discovery of HLB in August 2005 and citrus black spot in 
2010, the number of treatments rose to 8—9 sprays for processed juice fruit and 14 
sprays for fresh market grapefruit aimed at both disease and ACP control combined 
with additional fertilizer treatments. 

Costs per acre of foliar sprays for producing processed oranges in south-western 
Florida rose from USD 185.63 in 2003/2004 to USD 666.00 (424096) in 2014/2015 
while fertilizer treatments went from USD 207.69 to USD 486.96 (+134%) during the 
same timeframes. By comparison, costs per acre of foliar sprays for fresh market 
grapefruit in the Indian River area increased from USD 493.08 in 2003/2004 to USD 
1300.40 (7-164965) in 2014/2015 while fertilizer treatments rose from USD 190.56 per 
acre in 2003/2004 to USD 452.55 (+137%) per acre in 2014/2015. These totals do not 
include other cultural control costs nor cost for tree replacement. It was found that 
area-wide control of ACP through Citrus Health Management Areas provides an 
estimated differential gross economic benefit of USD 714 (USD 1218) for 2012/2013 
(2013/2014) (Singerman and Page 2016). 

Over the period from 2012/2013 to 2015/2016, HLB caused a cumulative loss of 
USD 1672 million in grower revenues (average of USD 418 million annually) resulting 
in average annual economic impacts to the Florida economy of -7945 jobs, -USD 658 
million in value added, and USD 1098 million in industry output (Court et al. 2017). 
Citrus bearing acreage in Florida diminished from 576 400 acres in 2005/2006 to 
410 700 (-29%) in 2016/2017 while production value dropped from USD 1 491 136 in 
2005/2006 to USD 1 032 227 (-30%) in 2016/2017 (USDA-NASS 2006, 2017). 
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2. THE HLB IN MEXICO 


Mexico is the fourth largest producer of citrus in the world, with a total of 572 000 ha 
in production, yielding 7.8 million tons annually (Table 1). 


Table 1. Areas under citrus production for Mexican states - 2015 (SIAP 2017) 


State Area (ha) % 
Veracruz 246 750 43.13 
Michoacan 50 276 8.79 
Tamaulipas 44 432 7.77 
San Luis Potosi 37 505 6.56 
Puebla 32 067 5.61 
Nuevo León 3] 789 5.56 
Oaxaca 25 469 445 
Colima 19 748 3.45 
Yucatán 18 189 3.18 
Tabasco 15 532 2.72 
Sonora 8 523 1.49 
Guerrero 7 135 1.25 
Jalisco 6 841 1.20 
Hidalgo 5 680 0.99 
Campeche 4731 0.83 
Chiapas 4 725 0.83 
Quintana Roo 3 089 0.54 
Baja California Sur 2 870 0.50 
Sinaloa 2729 0.48 
Nayarit 2 469 0.43 
Morelos 610 0.11 
Baja California 383 0.07 
Querétaro 253 0.04 
Zacatecas 246 0.04 
Total 572 051 100.00 


The major commercial citrus varieties grown in Mexico are orange (Citrus 
sinensis), Key lime (Citrus aurantifolia), Persian lime (Citrus latifolia), mandarin 
(Citrus reticulata) and grapefruit (Citrus paradisi) (Table 2). The value of this crop 
was estimate at USD 862 million (SIAP 2017). 

HLB was first reported in samples of psyllids in July 2009 in Yucatán. In 
subsequent years more detections occurred in other states of the country (Table 3) 
(Trujillo-Arriaga 2014; SENASICA 2017a; SENASICA 2017b; SENASICA 20170). 
In addition, infected psyllids were detected in Coahuila and Tamaulipas, where 
mechanisms of control and eradication of the disease vector have been implemented. 
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Table 2. Production and value of principal citrus varieties in Mexico - 2015 (SIAP 2017) 


Citrüs'ch Production Value 

TUS OP (million tons) (USD million) 
Limes (Key & Persian) | 2.33 | 461 
Orange 4.52 | 345 
Grapefruit 0.42 | 33 
Mandarin 0.29 23 
Total 7.56 862 


Table 3. HLB detections in Mexico, after initial detection in the state of Yucatan in the month 
of July 2009 (Trujillo-Arriaga 2014; SENASICA 2017a; SENASICA 2017b; SENASICA 2017c) 


State Detections of HLB State Detections of HLB 
Quintana Roo | August, 2009 | Tabasco | December, 2012 
Jalisco | December, 2009 | Guerrero | March, 2013 
Nayarit | December, 2009 | Puebla | September, 2013 
Campeche | March, 2010 | Zacatecas | September, 2013 
Colima | April, 2010 | Coahuila | December 2013* 
Veracruz | June, 2010 | Oaxaca | April, 2014 
Sinaloa | July 2010* | Tamaulipas | June 2014* 
Michoacán | December, 2010 | Querétaro | October, 2015 
Morelos | December 2010* | San Luis Potosí | October, 2015 
Chiapas | March, 2011 | Nuevo Leon | December, 2015 
Sonora | April 2011* | Veracruz | December, 2015 
Hidalgo | April, 2011 | Tamaulipas | December, 2015 
Baja California Sur | April, 2011 | Baja California | January, 2016 
Nuevo León | August 2011* | Morelos | August, 2016 
San Luis Potosí September 2011* Sonora March, 2017 


* Infective psyllids 


As of September 2017, HLB is recorded to infect plant material in all 24 citrus- 
producing states of Mexico (Fig. 1), where it has been detected in a total of 450 
municipalities (SENASICA 2017a). 

In Persian lime production in Yucatán, the presence of Ca. L. asiaticus caused a 
reduction in weight of the fruit (17.3%) and a decrease in the volume of juice (18.6%) 
(Flores-Sánchez et al. 2015). In Key lime, experts estimated a reduction of 183 168 
tons should HLB become established throughout Mexico (Salcedo-Baca et al. 2010). 


3. RESPONSE TO HLB IN MEXICO 


The Mexican citrus industry, federal and state plant protection agencies responded to 
this situation with the following area-wide phytosanitary actions to manage the HLB 
disease: epidemiological surveillance in commercial orchards, urban areas, and 
sentinel gardens; and, chemical and biological controls of the insect vector in both 
backyards and commercial orchards in those regions where the weather conditions 
favour infection. 
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Management of HLB is organized through Regional Control Areas (ARCOs), 
which implement the area-wide measures, and allow for coordination of monitoring, 
biological and chemical control actions across hundreds of ha; thereby preventing 
outbreaks from expanding to thousands of ha (SENASICA 2012). 


Figure 1. Areas in 24 states of Mexico with presence of HLB as of September 2017 (source 
SIRVEF 2019). 


Since 2002, the vector of HLB has been present in Mexico, posing a significant 
risk for spreading HLB disease. Following the detection of HLB in Belize during 2008, 
the National Health, Food Safety and Food Quality Service (SENASICA in Spanish), 
of the General Directorate of Plant Health (DGSV in Spanish), initiated in 2008 a 
national priority campaign in 24 citrus states ofthe country. The aim ofthe programme 
was to detect the disease in a timely fashion and provide protection to more than 
570 000 ha of citrus. A series of protocols were developed and revised by DGSV with 
input from State Plant Health Committees and the affected industry (SENASICA 
2008a, 2009). 

In 2009, the programme received an allocation of USD 2.56 million that allowed 
for monitoring the disease in 77 192 ha of commercial citrus and backyard trees 
(Sanchez 2013). As a result of these actions, the first detection of HLB found in 
infected ACP occurred in July 2009 in the town of Cuyo in the municipality of Tizimín, 
Yucatán (Trujillo-Arriaga 2011). In that same year and the following years, there were 
more detections in other states of the country (Table 3). 

Due to the importance of the HLB to the Mexican citrus industry, efforts also were 
made at the federal and scientific levels to involve national universities and research 
centres to develop better management strategies, as well as better methods for the 
timely phytosanitary surveillance of the disease and the insect vector. To this end, 
SENASICA-DGSV established the legal bases for action as follows: 
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3.1. Phytosanitary Regulation 


With the detection in 2009 of HLB in Tizimín, Yucatán, the federal government issued 
as a matter of emergency, the Mexican Official Emergency Norm NOM-EM-047- 
FITO-2009, which outlined and established phytosanitary actions to mitigate the risks 
of introduction and dispersal of HLB in Mexico (DOF 2009). It outlined the 
phytosanitary actions to implement a monitoring programme that included sampling, 
diagnosis, inspection and surveillance to assess any new introduction and further 
spread of HLB in the country and, where appropriate, the application of phytosanitary 
measures for its management. These included the delimitation of infected areas under 
phytosanitary control, the removal of infected material, the application of vector 
control methods, sampling, inspections, and restriction of the movement of vegetative 
material. The same actions are established in the "Protocol of Action to the Emergency 
by the Detection of HLB" and are supported under the agreement that discloses the 
phytosanitary measures which should be applied for the control of HLB and its vector 
(DOF 2010). In addition, the DGSV and the State or Regional Technical Working 
Group issued the Protocol to establish the ARCOs (SENASICA 2012) for HLB and 
ACP. 


3.2. Sampling and Monitoring to Assess HLB Distribution 


With the presence of HLB in Mexico, one ofthe main activities carried out in all citrus- 
producing states of the country was an assessment of the presence of the disease 
through the collection of plant material and adult D. citri. Priority was given to the 
commercial areas of Key lime, Persian lime and orange. When symptomatic plant 
material was found, photographs were taken and sent through the Digital Diagnostic 
System (SIDIADI), so the trained technical staff, based on the visual symptoms, 
determined whether the material was suspect of HLB infection and further sampling 
was required. In commercial orchards, sampling of D. citri was done mainly in trees 
located along the periphery of the orchards, where 1 to 100 adults were collected and 
analysed by molecular techniques for presence of HLB. Urban areas (parks, tree-lined 
boulevards, harbours, etc.) were also sampled. 


3.3. Phytosanitary Diagnosis 


Given the need for timely diagnoses, four official laboratories were used where plant 
material and psyllids could be examined: 1) the National Phytosanitary Reference 
Center (CNRF) in Tecámac, Mexico state, 2) the National Quarantine Station of 
Epidemiology and Plant Sanitation in Querétaro; 3) State Committee of Plant 
Protection of Yucatán, and 4) State Committee of Plant Health of Colima. In addition, 
eight private laboratories were approved to assist with these diagnoses. Furthermore, 
the DGSV has a mobile phytosanitary diagnostic unit with adequate equipment 
required for HLB in situ detections such as bioclimatic chambers, real-time PCR and 
End-Point PCR. This excellent infrastructure reduced the response time to a minimum 
and allowed speedy decision-making to apply local or regional phytosanitary strategies 
as described in 3.4 through 3.6 below. 
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3.4. Cultural Control 


After an initial find of HLB positive vegetal material in a new area, the cultural control 

consisted of removing infected plants to avoid further spread from or possible 

resurgence of infection from new outbreaks. The following phytosanitary measures 
were implemented: 

e All trees with symptoms of HLB should be eliminated within 5 days. For 
detections in commercial orchards, the owners were responsible for surveying all 
trees within their groves for the disease. Plants with symptoms were marked with 
a plastic tape indicating the branch(es) exhibiting symptoms. Plants located on the 
outer rows of orchards where the symptomatic plants were detected, were also 
marked with tape. Technical personnel checked each suspect orchard and 
confirmed whether or not the symptoms were caused by HLB. All positive cases 
were georeferenced. It was not considered necessary to sample these plants and 
technical personnel immediately removed the plants based upon a visual diagnosis. 
After tree removal, herbicides were applied to the stump. It is important to note 
that pruning cannot be used to manage HLB control and that replanting is not 
recommended as new plants are more susceptible to the disease (SENASICA 
2010a; DOF 2010). 

e [n2010 the Mexican government performed these activities in the following states 
with presence of HLB: Campeche, Colima, Jalisco, Michoacán, Nayarit, Quintana 
Roo, Sinaloa, and Yucatán. In these entities the exploration was carried out in 1553 
localities, in which 1 127 275 citrus plants and 306 138 plants of lakeview jasmine 
(Murraya paniculata (L.) Jack) were inspected in search of suspicious symptoms 
and psyllids carrying the bacteria. Likewise, 17 539 citrus trees in orchards and 
77 522 of lakeview jasmine in backyards were eliminated, as well as 5037 trees of 
Mexican lemon, Persian lemon and orange, in commercial orchards and 1 360 626 
nursery plants (SAGARPA 2011). 

e The presence of HLB in all the plants was determined by searching for symptoms 
and sending samples to the laboratory for diagnosis by molecular techniques, 
including those in the proximity of citrus nurseries. All hosts present in nurseries 
without anti-aphid mesh protection were removed. When a detection occurred in 
a backyard, it was the responsibility of trained Auxiliary Plant Protection 
Organization staff to identify HLB symptoms (SENASICA 2010a; DOF 2010). 

e In orchards where at least 28% of plants showed HLB symptoms and where the 
clinical diagnosis was positive for the disease, all trees in the orchard were 
removed within a period of no more than five calendar days. The review of 
orchards in an outbreak area is being implemented permanently, with a review of 
such orchards done every 3 weeks to know the status of the disease (SENASICA 
2010a; DOF 2010). 

Currently HLB control is still based on eradicating sick trees in the states with new 
detections. In areas with high incidence of HLB disease, the growers have opted to 
implement intensive nutrition programmes to extend the productive life of the affected 
plantations. The strategies of the federal government campaign are directed towards 
the control of the ACP, through the establishment of the ARCOs, which implement the 
biological and chemical control activities in their respective regional areas 
(SENASICA 20174). 
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3.5. Biological Control of the Vector 


Augmentative biological control is a strategy that plays an important role in reducing 

the population density of D. citri, and its area-wide use in ARCOS has significantly 

contributed to reducing adverse environmental effects and minimizing interference 
with natural control of agricultural pests as a result of using agrochemicals (DGSV 

2016). 

In response to the detection of HLB and its vector D. citri in Mexico and to mitigate 
its threat for citriculture, SENASICA-DGSV and the CNRF established a Biological 
Control Programme for Asian Citrus Psyllid, as a complementary strategy to the 
integrated management of the HLB vector. The main activities in this programme have 
been: 

e Search and selection of biological control agents of D. citri 

e Mass-production of the species-specific ectoparasitoid Tamarixia radiata 
Waterston (Hymenoptera: Eulophidae) 

e The release of adult parasitoids in specific areas not subject to insecticide 
application (such as urban areas, inaccessible areas, organic orchards, abandoned 
vegetable gardens, backyard host trees, orchards adjacent to urban areas, areas 
under integrated pest management, and protected natural areas or reserves) 

e Assessment of the effectiveness of biological control agents in the laboratory and 
in the field 

e Training and public education on the recognition and use of biological control 
agents of ACP 

e Advice on the design of rearing facilities for T. radiata 

e Optimization of the mass-production process of the parasitoid 

e Research on different strains of T. radiata present in Mexico and their regional 
impact 

e Research on the use of strains of entomopathogenic fungi, and finally 

e Obtaining national and international support on parasitoid rearing (FAO- 
SENASICA 2013). 

Therefore, the DGSV through the CNRF, established collaborative agreements 
with the State Committees of Plant Protection in the states of Colima and Yucatan in 
2009. The first agreement with the Entomophagous Insects Department of the National 
Reference Center for Biological Control (CNRCB), based in Tecomán, Colima, aims 
to generate technology (basic and applied) for the use of biological control agents of 
D. citri, as well as the production of T. radiata in Tecomán, Colima; while the second 
agreement with the Regional Mass-Rearing Laboratory of Tamarixia radiata in the 
Southeast has as its sole objective the mass-production of the parasitoid in Merida, 
Yucatán; both agreements are coordinated by the CNRCB (FAO-SENASICA 2013). 

From 2010 to 2015, 31 million 7. radiata were produced and released in citrus 
orchards and abandoned, urban and backyard areas of Yucatán, Quintana Roo, 
Campeche, Tabasco, Chiapas, Oaxaca, Hidalgo, and Guerrero. These release activities 
were supported by the State Plant Health Committees, who are responsible for 
transporting and release of parasitoids to the infested areas (CNRCB-CNRF-DGSV 
2016). Many of these areas began with a parasitism rate ranging between 3-26% that 
increased to 70-85% after augmentative releases (SENASICA 2016). 
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The recommended release rate is 100 parasitoids every 50-100 linear meters 
depending on the level of ACP infestation and density of host plants. If on average 
more than 20 D. citri nymphs were observed per tree shoot, 100 parasitoids were 
released every 50 meters (SENASICA 2015). The releases are carried out with a 
minimum interval of one month and a maximum of 3 months (DGSV 2016). These 
releases directly and indirectly benefit hundreds of growers. 

With respect to the use of entomopathogenic fungi as a complement to the control 
of D. citri populations, the following research activities were established in support of 
the Biological Control Programme of the ACP: 

e Exploration of entomopathogenic fungi 

e Selection of isolates of entomopathogenic fungi candidates for the control of 
immature and adult stages of D. citri 

Evaluation of conidia production 

Evaluation of types of entomopathogenic fungi formulation 

Evaluation of fungal formulations in the field 

Evaluation of application equipment; and 

Biosafety tests (FAO-SENASICA 2013). 

By 2016 three strains of /saria javanica (formerly fumosorosea), CHE-CNRCB 
303, 305 and 307, formerly Pf15, Pf17 and Pf21, respectively, as well as one of 
Metarhizium anisopliae (CHE-CNRCB 224, formerly Ma59), had been identified. 
Laboratory tests achieved 93-100% mortality in nymphs and up to 95% in adults of D. 
citri, respectively. Applications of entomopathogenic fungi in preliminary field trials 
reduced psyllid populations from 48 to 90% (FAO-SENASICA 2013). In 2012 and 
2013, the application of two strains of entomopathogenic fungi (Ma59 and Pf21) was 
carried out on 15 932 ha in the states of Colima, Hidalgo, Jalisco, Nayarit, San Luis 
Potosi and Veracruz (CNRCB-CNRF-DGSV 2016). 


3.6. Chemical Control 


In other countries, HLB disease has been managed mainly through the suppression of 
vector populations using synthetic insecticides. In Mexico, only the use of insecticides 
authorized by COFEPRIS (DOF 2010) are recommended in accordance with the use 
of products that have been approved and shown to be efficacious in other countries. 
Cortéz-Mondaca et al. (2010) conducted tests of the effectiveness of conventional 
synthetic and organic insecticides with different modes of action, including botanical 
extracts, mineral oils, soaps, entomopathogenic detergents and growth regulators. 
Based on these results, the National Campaign against HLB has been rotating the use 
of the following active ingredients according to the specific local situations: 
thiamethoxam, imidacloprid + beta cyfluthrin, mineral oil, bifenthrin, tricarboxyls, 
chlorpyrifos, imidacloprid, dimethoate, thiamethoxam -- lambda cyhalothrin, 
bifenthrin + zeta cypermethrin, azadirachtin, bifenthrin + abamectin, detergent and 
lime oxide (SENASICA 2012). 
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In Mexico, chemical control is performed by the ARCOs. The application time is 
determined by the population dynamics of D. citri and the phenology of the citrus in 
each region. The spraying is done 2-3 times in all the orchards that are part ofan ARCO 
within a two-week period of time. The State Plant Health Committees responsible for 
HLB disease management oversee the actions taken by ARCOs and inform growers 
about the timing of annual applications, and the overall pesticide management 
programme. ARCOS are responsible for any pesticide applications (DGSV 2016). In 
2015 and 2016, 216 566 and 273318 commercial ha of citrus were sprayed, 
respectively (SENASICA 2017b). 


3.7. Vegetative Material 


The Mexican Official Standard NOM-079-FITO-2002, “Phytosanitary Specifications 
for the Production and Mobilization of Propagation Material Free of Citrus Tristeza 
Virus and Other Pathogens Associated with Citrus”, and the agreement that discloses 
the phytosanitary measures to be applied for the control of HLB and its vector (DOF 
2002, 2010; SENASICA 2010a) establishes requirements for propagation and 
certification of citrus nursery stock through Certified Production Units as a means of 
providing disease-free trees for commercial sale and planting purposes. 


3.8. Training and Outreach 


Two international workshops on ACP and Citrus Huanglongbing were held in Mexico 
during 2008 and 2010, respectively, with the objective of providing training on disease 
diagnostics to technical staff in charge of field monitoring and sampling. Experts were 
invited from infected countries such as Belize, Brazil, China, Cuba and the USA, to 
share their experiences on management and disease prevention practices (SENASICA 
2008b, 2010b). In addition, three events on quarantine pests of citrus were organized 
in 2009, 2011, and 2013 (SENASICA 2013). 

In order to create greater awareness among the general public about HLB and the 
risks posed, an additional 34 667 training events were organized between 2008 and 
2011 in different regions of the country. Attendees were encouraged to participate 
under the motto "All against HLB of citrus and its vector". 

In addition, billboards along roadways and avenues in rural villages and 
information disseminated using printed triptychs, posters, flyers, technical files, 
postcards, radio spots and videos were used to educate all involved. These materials 
invited the public to be on the alert for symptoms of HLB in their commercial and 
backyard orchards, and to immediately report HLB symptoms to the local plant health 
boards in their region (Trujillo-Arriaga 2011). 
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4. HLB IMPACT ON CITRUS PRODUCTION FROM 2009 TO 2015 


In 2009, the year when HLB was first detected in Mexico, the area planted with lime, 
orange, mandarin and grapefruit comprised 523 321 ha yielding a total of 6.82 million 
tons of fruit (SIAP 2017). That same year, SENASICA and the Inter-American 
Institute for Cooperation on Agriculture (IICA) commissioned a study to estimate the 
expected impact of HLB in Mexico (Salcedo-Baca et al. 2010). 

Various scenarios were developed to assess potential impacts to the industry and 
economy with and without any governmental intervention. Under the low impact 
scenario, the study estimated that within five years following the establishment of the 
disease a loss of 2.7 million tons of citrus fruit would occur nationwide with an overall 
reduction of 39.6% in orange, 33% in grapefruit, 17% in mandarin, and 10% in lime 
production respectively. Under the high impact scenario, losses would increase to 3 
million tons of fruit equivalent to 41% of orange, 53% of grapefruit, 26% of mandarin, 
and 18% of lime production. 
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Figure 2. National citrus production in Mexico after HLB arrival in 2009 (SIAP 2017). 


Six years after HLB was first detected in Mexico, however, with governmental 
intervention, the estimated losses in citrus production have yet to occur. Although 
citrus production in 2010 and 2012 decreased slightly, annual yields have remained 
fairly stable and have slightly increased by 0.7 million tons above the 2009 level (Fig. 2 
and Table 4). 

In 2016, the Mexican government allocated approximately USD 8.5 million to the 
HLB Programme. As a result of the successful application of the area-wide actions 
outlined above, Mexico largely mitigated the adverse effects of the disease, while at 
the same time slightly increasing citrus production. In addition, research programmes 
have been promoted among scientific institutions to generate propagative material 
tolerant or resistant to the disease. 


Table 4. State-by-state comparison of citrus production in Mexico - 2009 and 2015 (SIAP 2017) 


State Production (tons) 2009 Production (tons) 2015 

Orange Lime Mandarin Grapefruit g Lime Mandarin Grapefruit 
Aguascalientes 23 0 0 0 0 0 
Baja California 3, 499 2,978 192 96 0 183 
Baja California Sur 29, 303 144 0 66 22 495 
Campeche 37, 018 5,953 215 15,014 332 18,955 
Chiapas 15,983 4,185 452 0 404 0 
Colima 3,977 423,040 0 0 0 158 
Durango 804 856 0 612 0 577 
Guanajuato 0 3 0 0 0 0 
Guerrero 4,189 78,404 230 66 138 9 
Hidalgo 45,481 2,589 262 0 239 0 
Jalisco 6,779 30,351 6 1,310 0 740 
México 327 1,227 0 0 39 0 
Michoacan 4,374 414,562 75 59,559 0 49,566 
Morelos 4,430 3,660 82 160 190 144 
Nayarit 1,576 14,093 4l 5 19 0 
Nuevo Leon 296,973 0 35,892 17,734 45,75] 26,201 
Oaxaca 60,626 176,182 0 5,440 0 1,161 
Puebla 254,841 48,352 680 11,160 51,746 5,067 
Querétaro 1,345 47 24 0 5 0 
Quintana Roo 32,289 1,107 32 0 112 0 
San Luis Potosí 431,567 8,599 20,358 55 22,212 62 
Sinaloa 16,970 2,173 1,420 5,195 446 2,887 
Sonora 167,371 988 581 17,500 3,059 16,689 
Tabasco 81,519 80,939 380 850 387 845 
Tamaulipas 539,526 46,411 54,235 29,083 11,618 46,544 
Veracruz 2,058,040 514,728 102,046 256,064 147,345 248,927 
Yucatán 94,534 104,777 6,441 11,704 6,885 5.106 
Zacatecas 128 0 72 0 130 0 
Total 4,193,484 1,966,345 223,718 431,671 291,078 424,315 
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Although the government has successfully implemented area-wide strategies for 
regional control, it is necessary to further develop new and improved technologies. 
Mexico, Belize and USA have formed a Tri-National Working Group for purposes of 
technical exchange, information sharing, planning, coordination, and identification of 
research priorities. 

Mexico currently has 573 406 ha of citrus corresponding to 335 019 ha of oranges, 
180 209 ha of limes (Key and Persian), 21 297 ha of mandarin, 17 590 ha of grapefruit, 
12 736 ha of tangerine, 5238 has of tangelo and 1317 ha of sweet limes, with an 
estimated annual production of 8 million tons per year, and whose production value is 
approximately USD 20 424 million pesos (approximately USD 1.12 billion dollars) 
(SIAP 2017). 

The first phytosanitary actions implemented on an area-wide basis were: timely 
detection of HLB in citrus and urban areas, elimination of infected plants in areas under 
control, suppression of the D. citri vector, and protection of propagative material 
within enclosed or screened nurseries. 


5. CONCLUSION 
In conclusion, as a result of the successful HLB Programme, citrus losses have been 
largely avoided in Mexico despite the fact that the disease has now been detected in 
all states of the country where commercial citrus is produced. Six years after the 


disease first appeared, the surface for the four principal citrus varieties actually 
increased by 5%, from 523 321 to 553 671 ha (Fig. 3) (SIAP 2017). 
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Figure 3. Expanding national areas of the four principal Citrus spp. produced in Mexico after 
the HLB arrival in 2009 (SIAP 2017). 
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SUMMARY 


Pink bollworm, Pectinophora gossypiella (Saunders), has been eradicated over a 7-state area in northern 
Mexico and the southern USA. Over this region, pink bollworm has been a key pest of cotton for 50+ years. 
The bi-national eradication programme grew out of a long-standing Sterile Insect Technique (SIT) 
containment/exclusion programme to protect cotton in the San Joaquin Valley of California, as well as 
numerous area-wide research and demonstration projects in southern California, Baja California, and 
Arizona. It included all contiguous infested production areas of the states of Chihuahua, Sonora, and Baja 
California in Mexico. It also included all contiguous generally infested areas of the states of Texas, New 
Mexico, Arizona, and California in the USA. In this chapter we provide descriptions and key references 
for the technologies that were integrated in this multi-tactic, area-wide programme over its extensive 
geographic range. Technology described and used includes state programme-based central data 
management. The programme covered all activities including extensive GPS mapping, pheromone trap 
monitoring for adult populations, and the integration of all control operations. Operational information and 
data were shared among all participants as needed. Control tools included Bt-cotton, the release of sterile 
moths, pheromone mating disruption, cultural control, and on a very limited basis conventional insecticide 
application. Critical area-wide resistance management using sterile moth release, rather than planting 
susceptible cotton in refugia, was pioneered in this programme. Success as documented was possible over 
an enormous and diverse cotton production area because the technologies used were heavily researched, 
broad-based, and could be tailored to fit each major area. Uniform management within each state was 
coordinated bi-nationally. This programme was conducted sequentially over time. Summaries for each state 
provide measurements of progress, success, and experiences gained through time of operation. 


Key Words: Pectinophora gossypiella, pink bollworm trap, area-wide management, integrated pest 
management, Bt-cotton, resistance management, gossyplure, mating disruption, Sterile Insect Technique, 
SIT, pest detection survey, okra 
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1. INTRODUCTION 


Introduction of the pink bollworm (PBW), Pectinophora gossypiella (Saunders), to 
the south-western USA and north-western Mexico irrigated cotton growing regions 
was first reported in 1916 near Torreón, in Coahuila, Mexico (Noble 1969). This 
infestation was presumed to originate from seed shipments from Egypt into Mexico 
in 1911. It quickly became the key pest of cotton. 

With the exception of the San Joaquin Valley of California, no other pest species 
was as dominant or detrimental to the fortunes and survivability of the cotton farmers 
of these regions. This was particularly true in the cotton growing areas of the Colorado 
River Basin. Insecticide use for this pest was extensive for a period of more than 45 
years. 

Early attempts at management or eradication with conventional insecticides were 
expensive and difficult. All control efforts resulted in some short-term success and 
frequent frustration. This was true both when control was on a field-by-field basis and 
also in the case of a coordinated, insecticide-driven state-wide programme in Arizona 
(Anonymous 1961; Schmitt Jr. 1967). 

The emphasis of this chapter will be to record the technology used and the success 
of the bi-national Pink Bollworm Eradication Programme to assist others in the 
development of bio-rational approaches to the pest. We expect such knowledge will 
be critical in mitigating any seed-borne movement of PBW back to the USA and 
northern Mexico. The programme herein described evolved only after in-depth 
research (over 3000 references in a CPHST-APHIS-USDA data base and Naranjo et 
al. 2002) and numerous large-scale field trials. All this investment in R&D is 
frequently oversimplified and overlooked when the positive results of the programme 
are considered. 

The programme operations started on a sequential basis in the generally infested 
areas of the south-western USA and northern Mexico (Fig. 1). This “rolling carpet" 
approach (Hendrichs et al. 2021), followed as programme phases, was necessary due 
to the physical limitations of the production output of sterile PBW moths by a single 
mass-rearing facility located in Phoenix, Arizona. 

In this summation we identify the most important tools commonly used by the 
programme and provide relevant references and accounts of experience used in the 
design of the programme. Important summary data utilized to measure programme 
progress are also provided. Units of measurement were those used in the respective 
countries (metric system in Mexico, “U.S. customary unit system" in the USA). The 
data came from the records used in day-to-day management and are provided in 
Sections on a state-by-state basis in both countries. 
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Each of these Sections starts with a listing of the state managers who were 
responsible for day-to-day operations and ultimately were the backbone of the 
programme's achievement. The success of this programme grew out of a long- 
standing containment/exclusion programme in the San Joaquin Valley of California 
(Staten et al. 1993) and numerous area-wide research and demonstration projects in 
geographically-defined locations particularly in southern California, Baja California, 
and Arizona (Walters et al. 2000). Many of these trials were reported through 
proceedings of the National Cotton Council Beltwide Cotton Production Conferences. 


Phase I 


Phase II 


Phase IIIa 


2007) 
2008] Phase IIIb 
1968 | 


Containment/ Suppression 


Figure 1. Pink bollworm eradication phases, dates, and areas in south-western USA and 
north-western Mexico (updated from Grefenstette et al. 2009). 


2. MANAGEMENT 


Standardized management and organization are critical in integrated area-wide insect 
pest eradication programmes (Vreysen et al. 2007; Suckling et al. 2014). As this was 
not a “voluntary” programme, all in-season applications of suppression treatments 
(insecticides, sterile insect release, and pheromones) for PBW were under a central 
management and coordinating authority in each state. This area-wide concept of the 
bi-national programme had to be agreed upon by the majority of all cotton growers in 
referenda held before the programme could be initiated in each of the states. In 
Arizona, for example, the programme could only be started after a second grower 
referendum passed in 2005 with more than a 66 % grower approval (Grefenstette et 
al. 2009). 
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A brief outline of management entities in the USA and Mexico involved in the 
PBW eradication programme are shown in Tables 1 and 2. 


Table 1. Brief outline of management entities involved in the USA and their contributions to 
the pink bollworm eradication programme 


ENTITIES IN USA CONTRIBUTIONS 


All sterile insect production, USA release cost, and 


USDA-APHIS USA regulatory enforcement 


Within-state cost of all non-SIT? in-field treatments 
The producer communities: and operations (includes Bf-cotton, pheromone 
mating disruption, and insecticides) 
1. Texas Boll Weevil Foundation 


(TBWF)' All field management of treatments, monitoring, 


evaluation and reporting 


2. New Mexico PBW and BW 


Foundation! All field management of treatments, monitoring, 


evaluation and reporting 


3. Arizona Cotton Research and 


Protection Council (ACRPC)! All field management of treatments, monitoring, 


evaluation and reporting 


4. California Cotton Pest Control Board 
(CCPCB), funds managed by 
CDFA! 


All field management of treatments, monitoring, 
evaluation and reporting 


1 All funds were raised via local assessments through organizations 1-4, and from legislative 
support to USDA via the National Cotton Council 
?SIT — Sterile Insect Technique 


3. TECHNOLOGY USED 


The successful PBW eradication was dependent on a multi-tactic approach in which 
the authors will not designate one control technology as most critical for its success. 
All technologies, integrated in different ways in the different areas, were essential and 
born from in-depth research and development efforts over a 100-year time frame (. 

This programme was fortunate in following an ongoing Boll Weevil Eradication 
Programme (Knipling 1971; Allen 2008), which established the benefits of a 
standardized area-wide approach to programme success. Lessons learned and 
organizational basics were of extreme importance. El-Lissy et al. (2002) used a simple 
classification for all programme activities. This paper was the foundation for all field 
operations used by state organizations for PBW. 

All activities were sub-divided into three activities: 1. mapping and data 
management, 2. surveying (trapping and larval sampling), and 3. control. The authors 
will generally follow these three critical components, adding detail to each to fully 
elucidate their scope and interaction. It should be noted that a separate Section 1s 
included dedicated to transgenic cotton. Despite being an essential part of the 
programme's control components, unique issues related to the incorporation of 
transgenic cotton require additional discussion. 
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Table 2. Brief outline of management entities involved in Mexico and their contributions to 
the pink bollworm eradication programme 


ENTITIES IN MEXICO CONTRIBUTIONS 


SAGARPA (Ministry of Agriculture, 

Livestock, Rural Development, Fisheries | Leadership, Technical and managerial support, 
and Food), SENASICA (National Service of | critical funds (varied year to year dependent on 
Health, Food Safety, and Agriculture | needs and availability at national level) 


Quality) 


Technical and information technology support, 
logistical support, bi-national coordination, 
coordination with USA embassy for security, 
procurement of some supplies, and some field 
personnel and SIT? coordination 


USDA-APHIS-International Services and 
Plant Protection and Quarantine (PPQ) 


e 


. Comité Estatal de Sanidad Vegetal (state | State level management of operations (treatment, 
plant protection committee) de | survey, and control), funding via grower 
Chihuahua! assessments and direct contributions 


State level management of operations (treatment, 
survey, and control) funding via grower 
assessments and direct contributions 


N 


. Comité Estatal de Sanidad Vegetal (state 
plant protection committee) de Sonora' 


State level management of operations (treatment, 
survey, and control), funding via grower 
assessments and direct contributions 


uy 


. Comité Estatal de Sanidad Vegetal (state 
plant protection committee) de Baja 
California! 


! Authors were not involved in funding decisions, but they understand that sources of revenue varied 
according to available resources from the various entities in the different states 


3.1. Mapping and Data Management 


Eradication requires complete control of needed technology over broad or well- 
defined geographic areas, over which uniform management is of paramount 
importance. This starts at the beginning of each growing season with the process of 
finding and mapping of all fields with cotton. Each state's programme had to be able 
to monitor all these fields. Managers required rapid access to all mapping, survey and 
treatment data. PBW populations are clustered and non-uniform in distribution within 
a field and within subsites and definable geographic areas. Management must be able 
to operate within a spatial context allocating resources where they are most critically 
needed without regard to ownership or political constraints. 

When Texas initiated the first surveys of PBW populations, it modified its boll 
weevil data management system to include all PBW management needs. This was 
then made available to all participating states. Details of how this data management 
system is used today can be found under TBWEF (2019). It was adopted by all state 
programmes except California, which already had a long-standing data management 
system in place. 


56 R. T. STATEN AND M. L. WALTERS 


Within the above context each state management had complete access to its 
mapping and data including the following: 

1. Precise GPS locations of all fields with unique identification numbers for every 
field and its trap or traps 

2. Barcoded identification of all traps with GPS location within the programme 

3. Storage and access to all trap and capture data for sterile and non-sterile 
specimens 

4. Precise location of all Bt and non-Bt cotton (Gossypium hirsutum L.) fields, 
including a distinction for Pima cotton, Gossypium barbadense L. 

5. Access to detailed information on all programme-applied pheromone mating 
disruption treatments, conventional insecticides, and sterile moth releases — this 
included access to needed regulatory notifications within each state and flight 
recordings for all spray and sterile release aircraft, and 

6. Reports generated from complete data by servicing date or any other needed 
time interval and geographically-defined parameter. 

The use of this harmonized system expedited communication within and between 
state programmes. 


3.2. Survey Technology 


3.2.1. Trap Selection and Use 

The eradication of PBW has long relied on the use of the delta trap for surveys. This 
trap and the modified Frick trap it replaced are fully illustrated by Foster et al. (1977). 
The trap is deltoid in shape and is 7 inches (17.8 cm) long and 3.5 inches (8.9 cm) on 
each of its three sides. The inverted triangular opening found on each end is one inch 
(2.54 cm) on each of the three sides that form the opening. 

The delta trap was first used on an area-wide basis in the San Joaquin valley of 
California in 1976. Staten et al. (1993) reported on multiple years of data from very 
large numbers of this trap in over one million acres (> 400 000 ha) of cotton each 
year. The delta trap will overload in high PBW populations when traps quickly exceed 
50 moths per service interval. It is however the most sensitive trap known to the 
authors in detection and monitoring of lower density PBW populations. The most 
important need in this programme was its ability to successfully find low level 
populations before they reached levels only allowed in pre-eradication pest 
management scenarios. 

The following are four key requirements of traps needed for operational success: 

1. Superiority as a detection tool with the best capture rate in low population 
densities 

2. The trap must facilitate accurate identification, preserving the specimen intact 
enough for dissection and/or, with special servicing, DNA analysis 

3. The trap must be durable enough to withstand “normal” extremes such as wind, 
rain, handling and routine field and operational hazards, and 

4. The trap must be cost- and operationally-effective to use. This includes unit 
cost, storage, installation, recovery, and replacement. 
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Throughout the PBW programme, trap density standards were set at one trap per 
80 acres (32.4 ha) in the USA and one trap per 20 ha in Mexico for all Bt-cotton 
(cotton genetically modified to express the endotoxins of Bacillus thuringiensis 
Berliner) (Bf). All cotton fields which did not express these resistant traits were 
trapped at one trap per 10 acres (4.05 ha) in the USA or one trap per 4 ha in Mexico. 
Trap placement at these numbers required 2 considerations. The trap must be in a 
position from which its emitted pheromone attractant would have a high probability 
of intersecting the casting flights of the male moths. It must also be reachable by 
servicing personnel quickly and efficiently. 

Studies by Leggett et al. (1994) resolved many questions involved in management 
of trapping. Traps were placed on field margins preferably where they will not be 
destroyed in normal field cultivation activities. Trappers are trained to look at such 
factors as prevailing air movement patterns as fields cool down after sunset. Male 
moths typically become active in search of females as temperatures decline with an 
80°F (26.7°C) threshold (Lingren1989). Traps were serviced or changed at least 
weekly. 


3.2.2. Trap Lure Formulation 

The discovery and development of the female sex attractant of the PBW was the single 
most important entomological breakthrough of the mid 1970's with respect to PBW 
control. The name “gossyplure” and its characteristics were first published by 
Hummel et al. in 1973. Bierl et al. (1974) published detailed data illustrating its 
importance and the role of its specific components. Gossyplure is a near 50/50 ratio 
mixture of (ZZ) and (ZE)-7,11 hexadecadien-1-ol acetate isomers. This paper also 
noted the detrimental effect of the EE and EZ isomers of this molecule in reducing 
attraction. The introduction of a controlled release formulation of gossyplure had a 
profound impact on the San Joaquin Valley exclusion programme being implemented 
at that time for PBW in California. Previous adult surveys had relied on the para- 
pheromone hexalure. Hexalure required 20+ times the attractant for much lower 
capture rates and detection efficacy. 

A number of controlled release formulations have been used in PBW traps. Flint 
et al. (1974) provided the first published paper showing the advantages ofa controlled 
release trap lure formulation for PBW. Flint used the red rubber septa and a version 
of this lure was used throughout the programme at 4 mg per lure. There are other 
formulations which have a flatter emission release rate over longer periods of time, 
but they are more expensive. 

Throughout the eradication programme covered in this publication, lures were 
replaced with every trap service or at least every two weeks, even though the septa 
have excellent properties for a longer period. This lure is currently produced for all 
state programmes at cost by the Arizona programme. 

The quality of the gossyplure is as or more important than the substrate used. 
Staten et al. (1988) illustrated the importance of using trap bioassays in the 
procurement of gossyplure for surveys. Important differences of PBW attraction still 
cannot be explained with known chemical analysis alone; traces of an alcohol are 
suspected. The programme in Arizona maintains a supply of “technical” grade 
gossyplure for all post-eradication survey in this programme. 
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3.2.3. Moth Identification 

The programme had to face two critical issues, namely species identification 
(taxonomic) and separation of sterile from native insect specimens. From the first 
sterile moth releases in the San Joaquin Valley in 1968, moth taxonomic identification 
used labial palp bands, and genital clasper characteristics to separate P. gossypiella 
males from other species. The survey traps and lures used, with rare exceptions, only 
attracts the male moth. The trap is not absolutely species-specific and will sometimes 
capture a few accidental “contaminant” specimens. Most of these do not resemble 
PBW. There are a few similar-sized moths which may have an attractant similar to 
gossyplure. If these captures were confused with PBW, they could affect treatment 
decisions adversely. Good dissection techniques and microscopic examination were 
used for specimen identification. This was considered sufficient throughout the years 
of the programme. Late in the programme, DNA signatures were under development 
at the University of Arizona. 

Separation of mass-produced release moths from native moths in the cotton fields 
was accomplished using a dye incorporated in the sterile moth larval production diet. 
Calco Red oil food dye was used as a diet induced marker (Graham and Mangum 
1971). Marking was very accurate as non-marked moths could not be found among 
laboratory-produced moths even when extreme searches were conducted periodically 
throughout the Phoenix rearing facility's history. Searches involved thousands of aged 
moths crushed on white filter paper. In these searches, moths were routinely taken 
from discarded egg production cages. This, however, cannot completely represent 
moths under field conditions. 

A simple paper chromatograph technique was in use in support of sterile moth 
releases as early as 1970 in the Coachella Valley of California, when the first author 
worked with that trial programme. It has endured through all sterile moth releases. 
The technique involves the use of a small straight sided vial at or near 25 x 10 mm; 
exact size is not critical. A moth is crushed in the bottom with an uncontaminated rod, 
preferably glass. The vial plus moth then receives 1 ml of hexane and a strip of 
chromatographic paper cut to 9 x 30 mm. The strip is cut to a point at its terminal end 
so that as the solvent moves upward it concentrates the dye in the tip as it dries, 
facilitating identification. 

As the eradication programme reached completion, the potential for 
misidentification became extremely critical. As each state programme reached this 
point, the importance of absolute accuracy increased. If a 1:1 000 000 rate of error 
was possible, a second independent marker or analysis with high levels of confidence 
would, in terms of probability, make a missed detection of a non-marked sterile 
virtually impossible. 

Burns et al. (1983a) used an inductively coupled plasma-atomic emission 
spectrometer to test possible use of 13 elemental markers. Out of those, Strontium 
(Sr) proved to be the most viable candidate as a second marker, independent from the 
Calco Red dye. Burns also illustrated its potential in sterile Mediterranean fruit fly 
Ceratitis capitata (Wiedemann) analysis (Burns et al. 1983b). 

PBW larval diet preparation had undergone major changes in the mass-rearing 
facility (Miller et al. 1996), so some re-testing with Sr was required. In this effort in 
2011, a 540-ppm level of Sr was found to have excellent retention in moths as old as 
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45 days (Walters, unpublished reports). This technology was used starting in 2012 for 
all the sterile moth production. 


3.2.4. Larval Sampling 

Pre-eradication pest management scouting procedures usually used larval PBW 
populations at 2-596 as the action threshold to trigger insecticide ground and aerial 
applications of conventional insecticides. When populations reached this level, non- 
selective insecticides were considered the only workable solution. All treatment 
decisions were on a field-by-field basis. In many areas that resulted in frequent (5-15) 
treatments for PBW alone or in combination with insecticides for other pests in a 
growing season. 

In the case of the PBW eradication programme, protocols used for suppression 
were designed to prevent development of populations high enough for normal 
detection of larvae. Boll larval sampling was used most extensively in the first 2-3 
years of the programme. Some states used a random selection of non-Bt fields for boll 
collection to assess larval populations. Conversely, during the first years of the 
Arizona programme all non-Bt fields were sampled. This was logistically possible due 
to a high ratio of Bt to non-Bt fields. In instances where pockets of higher native moths 
were detected in cotton fields, targeted searches were also used as the programme 
progressed. 

Two different sampling methods were used. Bolls collected from the field could 
be processed within boll holding boxes (Fye 1976) or by direct examination of bolls 
cut open immediately after field collection. When the data are needed for immediate 
operational decisions, boll cutting is critical. In this case data could trigger an 
immediate conventional insecticide treatment. This became extremely rare as the 
programme progressed. For resistance monitoring, or when some assessment of 
reproduction was desired, boll boxes were used. The detection threshold of a trap is 
always better than any larval assessment. 


3.3. Control Technologies 


Throughout the eradication programme, PBW control was the responsibility of state- 
wide programme management (Tables | and 2). These organizations controlled all 
treatment activity except for the type of cotton to be grown. Producers chose not to 
plant or to plant Bt-cotton, although the latter option was encouraged. Individual 
growers were responsible for adhering to Environmental Protection Agency (US- 
EPA) regulations in terms of respecting seed contracts and label compliance. In Texas, 
USA and Chihuahua, Mexico (Phase I), the PBW programme ran simultaneously with 
active boll weevil eradication, where boll weevil treatments were concurrent. In the 
USA, the grower who chose to use Bf-cotton contracted with the seed provider to pay 
the technology fee for that resistant cotton. Where Bt-cotton was not in use, producers 
paid a higher assessment for programme-applied pheromone mating disruption and 
other control actions needed for suppression. Base costs covered other programme 
aspects. 
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3.3.1. Transgenic Cotton 

Cotton genetically modified with genes from B. thuringiensis (Bt) provided the single 
most important change in PBW control in the late 20" century. In 1990, Wilson et al. 
(1992) conducted the first tests of experimental lines “that carry an altered version of 
the insect-controlling protein gene from B. thuringiensis kurstaki ". These lines were 
not commercially available at that time. The technology subsequently developed to a 
commercial state quickly. 

The PBW mortality levels which commercial Bt-cotton varieties produced were 
unprecedented at >99% (Flint et al. 1995; Watson 1995). Staten et al. (1995) noted its 
potential importance as an eradication tool, proposing its integration with other “soft” 
technologies because it targeted only the larval stage as it fed within or on the plant. 
Because Bf-cotton varieties did not affect adult PBW it would, in effect, provide an 
excellent synergistic tool when combined with the inverse density -dependent action 
mode of the SIT and mating disruption. 

The immediate concern for the Bt technology in all control contexts, however, was 
that its extreme efficacy would lead to overuse and thus ultimately to resistance 
development. This has proven to be a realistic concern. Tabashnik et al. (2013) offered 
an excellent review "after the 1* billion acres of use". Resistance to both common 
endotoxins (Cry 14b and Cry 24c) found in commercial cotton resulted in major 
losses or shifts in strategies in India and China (Tabashnik et al. 2013; Wan et al. 
2017). 

Currently there is discussion of major losses in Bt-cotton from PBW in Pakistan 
(Shahid 2014). Losses from resistant PBW have been reversed by using hybrid cotton 
in China (Wan et al. 2017). In this case +25 % of all cotton plants would not express 
the Bt traits. This provides “in the bag refugia" as described by Head and Greenplate 
(2012). 

Within the eradication zones, the commercial use of Bt-cotton always had label 
restrictions requiring resistance management by providing plantings of susceptible 
cotton (refugia). These enforced EPA label restrictions required that an individual 
grower entity use one of two choices. The grower could plant at least 2096 of his 
cotton with a non-Bf variety, which could be treated with any labelled conventional 
insecticide. Alternatively, the 2" choice was that at least 5% of the surface would be 
of a susceptible variety of cotton, but the grower could not use a long list of 
conventional insecticides on those refugia. 

Additional restrictions published in 2005 for the 2006 growing season added 
mating disruption and sterile moth release to this list. These restrictions in the use of 
Bt-cotton precluded eradication. Under this scenario, simple calculations could place 
production of a diapausing PBW population in a 5-acre field at > 500 000 insects in 
one late-season generation. This is a very conservative number. Late-season cotton 
produces susceptible bolls for more than one generation, thereby laying the 
groundwork for a large overwintering population. 
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Staten et al. (1999) had noted the potential use of sterile moth release over Bt- 
cotton in lieu of structured untreated refugia as part of a resistance management 
strategy. Sterile insect distribution is more reliable than non-directed capricious 
movement found in nature from native populations which are non-randomly 
distributed. 

Arizona immediately sought a section 24C special local needs label to utilize a 
grower choice of up to 100% Bt-cotton as long as this acreage would receive an 
average of 10 or more sterile insects/acre/day (24.7/ha/day). This application 
ultimately required an extensive formal review before an EPA Science Advisory 
Panel in 2006 (Antilla and Liesner 2008). This strategy with some variation is in use 
today. Tabashnik et al. (2010) published an excellent review and assessment of this 
strategy in Arizona. 

The choice of what cotton 1s to be grown has always been left to the individual 
producer in this programme. As part of the field mapping procedures all growers are 
canvassed in early spring for an inventory of expected fields to be planted. The 
inventory includes a separation of Bt and non-Bt types. All fields are then checked 
and tested with an ELISA test after germination (AGDIA Inc. Elkhart, Indiana, USA), 
as a safety check to ensure accuracy of Bt-cotton distribution maps. 


3.3.2. Mating Disruption 

Within this eradication programme, mating disruption was used on all non-B cotton 
during at least the first four years of each state's operations. The hand-applied PBW 
Rope (Shin-Etsu Chemical Company) was preferred. Aerially applied NoMate Fiber, 
NoMate Mec (Scentry Biologicals) and Check Mate (Suterra), were also used when 
circumstances required. These latter formulations had an effective disruption time of 
8 to 14 days. A review with product details is found in Staten et al. (1997). The use 
of gossyplure for mating disruption for PBW represents the most successful early 
application of this technology (Cardé et al. 1997; Cardé, this volume). A hollow fibre- 
controlled release formulation was the first EPA registered disruptant (Brooks et al. 
1979). 

The use of pheromones for mating disruption is fundamentally different than any 
conventionally applied insecticide (Cardé, this volume). A treatment of a controlled 
release pheromone does not kill the intended target. In the case of PBW, treating an 
already reproducing or mated population in even moderate levels is therefore futile. 
There was an “attract and kill" system (Staten and Conley patent 4671010 now 
expired), which involved adding very small traces of a pyrethroid insecticide to the 
adhesive in the NoMate fibre system. It appeared to be of assistance, but its value was 
not great. 

Staten et al. (1997) characterized both low and high-rate systems. Low-rate 
systems (applicable by air) require frequent reapplication with escalated error 
potential as each treatment timing decision is made to achieve constant disruption for 
a 30 to 60-day time frame. The PBW eradication programme used in the aerial 
spraying the three low-rate formulations described above. 
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The first high-rate system known as PBW Rope (Flint et al. 1985) was field tested 
in the Imperial, USA and Mexicali, Mexico valleys in 1986 (Staten et al. 1987). This 
PBW Rope provided continuous disruption and efficacy over a much longer time 
frame than 4-8 applications of low-rate systems applied by air. This was true even on 
a field-by-field basis. From that time to the present, the formulation has only had one 
major change. Its application, when correctly done, maintains complete trap shut- 
down for a 50-70-day time frame in low to moderate populations. 

PBW Rope was designed to be tied on an individual plant. The programme began 
to pre-wrap it on a bamboo stake in 2006 in Arizona (Antilla and Liesner 2008). The 
current formulation was applied at 200/acre or 500/ha. For maximum efficacy in 
upland cotton, it must be in the field at or before cotton reaches the 6-leaf stage. This 
is before a female can mate and live long enough to successfully oviposit. In rare cases 
a second application has been justified. 

Area-wide (mandated) use of pheromone has a long history. Baker et al. 1990 
reported on a one-year project in the Imperial Valley of California using low-rate 
systems. It covered > 40 000 acres and targeted the first two generations. Low rate 
pheromone systems were required before first square (first flower bud) formation. Its 
goal was to suppress PBW long enough to reduce conventional insecticide use and 
secondary whitefly problems. 

The aforenoted review by Staten (1997) covered two separate, later area-wide 
trials. These trials were in the Coachella Valley of southern California and the Parker 
Valley of Arizona. The most important trial in Parker, Arizona is covered in detail 
over a 5-year period by Antilla et al. (1996). Both trials strongly illustrated the 
importance of an area-wide approach with pheromone disruption. For the first time, 
after the first or second year, season-long control without major reliance on 
conventional insecticides became possible. Results were obtained in an area where 
the pest was normally severe. These trials both depended partially or completely on 
the high-rate systems. Additional trials in the Imperial and Palo Verde Valleys were 
used to develop a better understanding of the SIT when combining the technologies 
(Staten et al. 1999; Walters et al. 1998, 1999, 2000). 


3.3.3. Sterile Insect Release 

Releases of sterile moths in this programme had two purposes: a suppression tactic in 
and of itself, and as a resistance prevention strategy (see discussion in Section 3.3.1.). 
The release of sterile PBW was started in 1968 in the San Joaquin Valley of California 
as part of a containment/exclusion strategy to prevent establishment of the pest (Staten 
et al. 1993, 1999). Releases were continuous in areas of detection from 1970 through 
2011. 

Over time three sterile moth rearing facilities were established to produce PBW 
for field release, namely a temporary facility in Harlingen, Texas (1968-1970) and 
two separate facilities in Phoenix, Arizona, from 1969-1995, and 1995 to the present. 
The current existing facility is unique in that it was designed to produce twice the 
known maximum needs of the then-existing San Joaquin Valley programme. 
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The purchase of a 66 000 square feet (6 131 m?) building in Phoenix, its extensive 
renovation and most of its equipment were paid for by the CCPCB (through the 
California Department of Food and Agriculture (CDFA) and managed by Mr. Wally 
Shropshire as chairman from 1969 through 2010, and Mr. Ted Sheely, the current 
chairman). 

The Phoenix mass-rearing facility has been managed by USDA with California 
funding and minimal federal (appropriated) funds until 2005. From 2005 onward it 
phased into a fully USDA federally funded operation, less a few expenses such as 
property taxes. The production and funding of sterile moths for release then became 
a USA government obligation. All other field costs remained with the grower 
community (Tables 1 and 2). 

All moth handling, packaging, chilled shipment, handling pre-release, and release 
procedures were developed for the San Joaquin Valley containment/exclusion 
programme. This occurred long before eradication started in the fully infested areas. 
The reporting of the successful San Joaquin Valley programme is not complete, but 
segments and procedures are partially covered by Rudig and Keaveny (2008) and 
Staten et al. (1993). Many of the sub-areas of this valley have more favourable 
growing conditions for PBW population development than did areas which had 
moderate to heavy infestations. Examples include Safford, Arizona and the El Paso 
Valley of Texas. Wind-borne PBW movement into the San Joaquin Valley was 
documented and monitored by the CDFA programme. In addition, Stern and 
Sevacherian (1978) and Stern (1979) established its potential through monitoring of 
the desert between the San Joaquin Valley and with consideration of plant growth 
analysis and studies of the overwintering potential. 

By 2005 the Phoenix mass-rearing facility had enough space, all major equipment 
needed, and the technology developed to produce an expected 20-28 million moths 
per day. Previously it had been producing an average of 5 million moths per day. 
Production for the years in which the *expanded" eradication programme was in effect 
is shown in Table 3. Range of production resulted from varied season lengths of the 
multiple treatment areas. 

The sterile moths were directly collected after adult emergence from pupae with 
immediate chilling at +35°F (1.66°C). They were maintained at as near that 
temperature as possible through irradiation and packaging. Shipment occurred in 
specialized pre-chilled shipping containers to the release destinations. Any holding 
time of the sterile moths at destination was in cold rooms or cold boxes. They were 
then loaded into specialized aerial release machines installed in small aircraft (Pierce 
et al. 1995). 

The release aircraft must be capable of working speeds of 120 miles/h (193 km/h). 
A Cessna 206 aircraft served this purpose in this programme. Release height above 
the cotton fields was maintained at an average of 500 feet (152 m) above ground. 
Sterile moths were normally released within 24 hours post-collection. When insects 
were held an additional day, loss in quality was observed. Individual non-Bt fields 
were specifically targeted. Release grids were used for a lower release rate over Bt- 
fields. 
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Table 3. Daily sterile moths produced at the Phoenix Arizona mass-rearing facility (in 
millions) used for release in the bi-national PBW eradication programme areas 


Year 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 
Production s.o | 10.0 | 220 | 220 | 220 | 260) 200 200 | 14.5 5.0 
goal/day 

Mean/day 54 | 125 | 229 | 251 | 241 | 272 | 222 | 229 | 163 5.8 
Range low 6.8 1.3 | 16.2 | 196 | 10.2 | 196 | 20.2 | 203 | 147 4.1 
Range high | 15.5 6.7 | 30.1 | 33.2 | 30.7 | 329 | 272 32 | 228 73 


3.3.4. Conventional Insecticides 

Insecticides were those applied to kill the pest as a direct result of their application. 
This form of treatment was and 1s the only method available to manage a rapidly 
expanding population when larvae are first found in the cotton bolls. In many areas, 
before initiation of PBW eradication, this occurred early in the cotton fruiting cycle 
and lasted for 2-4 months. 

In the case of the eradication programme, all other control activities started either 
at planting (Bt-cotton) or before a moth can be mated and lay its first fertile egg on a 
plant with a susceptible fruiting form. Optimum application of mating disruption was 
before the 6-leaf crop stage; sterile release started even before. 

An indicator of success in the first few years of programme initiation was the 
reduction in insecticide sprays from those previously used by the producers 
individually. Choice of insecticide was made based on local recommendations and 
knowledge. The most commonly used insecticides were chlorpyrifos as Lockon or 
Lorsban (Dow Chemical), or a pyrethroid labelled for PBW control. As shown in the 
following outcome Section, very low percentage of the total area required any 
traditional insecticide treatment. That predominantly occurred in the first two years 
of programme operations. This approach was particularly applicable in Texas and 
New Mexico, before sterile moth release was available. 


3.3.5. Cultural Control 

Among the earliest research conducted on PBW involved cultural practices for its 
control (Noble 1969). As PBW exploded through Arizona, invading southern 
California in the 1960's and 1970's, cultural control became a major area of research 
(Naranjo et al. 2002). Over a 40-year period, each growing area within the generally 
infested cotton areas has developed a balance between profitable production and 
essential regulated cultural practices. 
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PBW eradication used all existing regulations as a standard. Management 
encouraged or was involved in any needed regulatory enforcement of these best 
practices. Of greatest importance were the programme actions that were needed for 
post-harvest crop destruction and host-free periods to minimize carry-over between 
cotton crops. 


4. OUTCOMES 


The successful eradication programme outcome is presented on a state by state basis 
in the general order that the seven states initiated their activities as part of the 
programme phases (Fig. 1). 

Management credits herein provided for each state are for those managers who 
were responsible for day-to-day decisions, operation, all data acquisition and 
evaluation. Managers listed were accountable for day-to-day success as well as 
setbacks. These individuals are considered as the most important contact points in 
each state. The first listed are those in the operational offices where daily decisions 
were made. 

The programme was feasible because only non-Bt cotton areas required 
centralised control cost and intensive day-to-day attention. We provide total cotton 
area planted and percent Bt-cotton to partially illustrate the magnitude and intensity 
of operations in each of the states. States and cotton areas within the states with the 
highest ratios of non-B¢ required the most intense management per acre or ha. The 
data presented are in units of measurement found in the respective field records (acres 
or ha). 

First programmatic treatments occurred in Texas in 2001. Overall, the last PBW 
detected as adult unmarked moths were captured in 2012. The last sterile release 
treatments occurred in 2013. Population collapse is illustrated by annual adult native 
moth capture. 

An understanding of positive economic impact is found in the reduction and 
eventually elimination of any detectable larvae. Direct cost-benefit is best illustrated 
by the decreasing use of annual inputs in high-rate pheromone (PBW Rope), sprayable 
pheromone systems, and conventionally applied insecticides. Lessons learned from 
the first state to start were extremely beneficial as the subsequent states entered the 
programme. 


4.1. Texas, USA (Phase I) 


Edward Herrera, Supervisor, El Paso /Trans-Pecos District, 1999-2013 
Osama El-Lissy, TBWF Programme Director, 1999- 2000 

Charles Allen, TBWF Programme Director, 2001-2009 

Larry Smith, TBWF Programme Director, 2009-present 


The El Paso / Trans-Pecos growers of western Texas were the first group to initiate 
the PBW suppression and eradication efforts reported here. The Texas Boll Weevil 
Foundation (TBWF) was, in 1999, fully functional and successfully involved in its 
part of a USA cotton belt-wide eradication effort for boll weevil, Anthonomus grandis 
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Boheman (Allen 2008). Recently detected weevil populations had become a major 
concern in western Texas, and treatment was restricted to these populations in 1999 
through 2005 in this area. 

In 1999, the grower community of western Texas passed a referendum to join the 
TBWF for boll weevil eradication and to initiate PBW population evaluation. In 2001, 
the PBW area-wide suppression activities were added to eliminate economic loss from 
PBW for the growers in the area. Details and complete results for the first years are 
covered by Allen et al. (2005). Control activities began in 2001 without sterile releases 
andin the absence of isolation. The programme was modelled after the Arizona Parker 
project (Antilla et al. 1996). 

The Texas PBW programme encompassed two distinct agronomic areas (Fig. 1). 
The El Paso “Valley” in the USA is separated only by the Rio Grande (Bravo) River 
from the Juárez “Valley of Mexico. Mexico did not start programme activities the 
same year (2001) despite the fact that, in many cases, fields from the two countries 
were less than 200 meters apart. More than half of the Texas programme was in this 
valley. 

Cotton in the El Paso work unit was more than 5096 Pima (G. barbadense). This 
species of cotton is considered to be the most PBW susceptible commercial cotton 
grown as it was all non-B*. Initial PBW populations were very high as depicted in trap 
counts in the year 2000 (Table 4). Due to lack of isolation, population suppression 
and economic loss prevention were the only achievable goals for the first two years 
of the Texas programme (2001-2002). 

In contrast, the area east of El Paso comprised a distinctly different production 
system. This included the general vicinity of the Pecos River and the town of Fort 
Stockton, Texas. Land was characterized by a shorter season and high usage of Bt- 
cotton. In this distinctively different area, Pima production was minimal, being grown 
principally in one isolated organic cotton block. Fields in this zone were dispersed 
over a very large geographic area and occurred in isolated clusters. Separation of such 
cotton blocks was frequently more than 50 miles. 

From 2001-2004 (Table 4), programme treatment options on non-Bt cotton were 
limited. Required treatments were heavily concentrated in the El Paso Valley area. 
Aerially applied NoMate fibre, with 0.000586 Ib (0.265 g) pyrethroid per acre mixed 
in the adhesive as an “attract and kill" formulation, represented one important control 
approach. As the seasons progressed chlorpyrifos at 24 fluid ounce per acre (1.68 
kg/ha) was used as an overspray. 

Deployment of the high-rate PBW Rope during the first two years was limited to 
sensitive areas near schools, etc. Its use expanded over time reaching a peak in 2003 
and then gradually declining to zero over time. The initiation in 2002 of eradication 
programme activities in part of New Mexico and the Juárez sector of Chihuahua state 
in Mexico was a major improvement. 
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Table 4. Summary data pink bollworm programme in Texas 2000 through 2004 


Year 2000 2001 2002 2003 2004 
Total acres cotton 48281 | 48202 | 39538 | 36100 | 40826 
% Bt-cotton 49 44 35 38 
FBW Rape 5399 9056 | 23551 | 19815 


(acres) 


Cumulative acres 
aerial low-rate 142 842 123 129 58017 26 224 
pheromone 


Acres pheromone + 47 897 43 386 34 945 25 162 


insecticide” 

Pyrethroid (acres) 0 0 0 2039 
Larvae/100 bolls | ae) gee) al 0.76 
Native mothsitrapped 1.40 0.75 0.27 0.18 0.09 


(million) 


* Chlorpyriphos at full labelled rate applied at the same time as a low-rate pheromone 
Acres treated are also included in low-rate pheromone treated acres 


The PBW populations on Pima cotton in the El Paso zone were critical in this 
state’s programme. They accounted for most of the non-Bt cotton in the Texas 
programme. In 2001 Pima made up 51% of the cotton in the El Paso valley. As a result 
of the suppression, total trap counts of native moths were reduced from 1.4 million in 
2000 (pre-control) to 0.74 million in 2001. 

By the end of the last year (2004) without state-wide sterile moth releases, the 
season-long capture of all moths totalled 0.09 million moths. These moths were 
captured in traps serviced weekly at one trap per 5-10 acres of cotton. This was the 
highest trap density used in the programme. The annual pre-control number of native 
moths per trap per service averaged 17.77 in 2000 vs. less than one in 2004 (0.94). 

Larval populations in bolls further illustrate progress during this 4-year 
suppression period. Each year 60 randomly selected fields were sampled season-long. 
Larval counts decreased in a steady progressive fashion; details are found in Allen 
(2005). From an economic perspective it is important to note the general decrease in 
inputs needed for control including intensively managed aerial application of low-rate 
pheromones and conventional insecticide. 

Limited sterile moth releases on isolated fields was initiated in the Trans-Pecos 
area in 2004. In 2005, funding for a targeted 10 million sterile moths for release per 
day was obtained for the core programme area of Texas, New Mexico, and northern 
Chihuahua. Sterile moths were released season-long in 2005 in Texas and New 
Mexico. 
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In Juárez, Mexico, the start of sterile releases was administratively delayed for 
some time. During this delay moths earmarked for Mexico were heavily released in 
Texas along the river border between the two countries. Sterile moth movement into 
Mexico and therefore coverage, was far better than expected. Eventually moth 
distribution in 2005 of the targeted 70 million per week were carried out over the 
entire three state area. At this time non-Bt fields were directly targeted by release 
aircraft. The ability to release these moths in the cotton fields on already suppressed 
populations before any mated female moth could deposit eggs on a susceptible plant 
was a game changer. As populations of native PBW declined, sterile moth release 
numbers were diverted to expanding treatment areas. 

Table 5 provides the data for the period 2005-2012, when general sterile moth 
releases began, until after the last native or unmarked moth was trapped. In 2005, a 
total of 1336 million sterile moths were released in Texas. Over 1.4 million sterile 
moths were trapped together with 11 917 native moths. With the exception of the year 
2009, this downward trend in native moth capture was very positive as shown in 
Table 5. 


Table 5. Summary data pink bollworm eradication programme Texas programme 2005-2012 


Year 2005 2006 2007 2008 2009 2010 2011 


Total acres | 43358 | 42304 | 39533 | 33029 | 34299 | 38268 | 48447 


cotton 

% Bt-cotton 35 22 30 48 40 49 55 
PEW Rope 9226 | 9686 | 2843 | 3198 | 1682 | 8050 0 
(acres) 

Acres aerial 

low-rate 6228 | 7597 | 4964 0 0 0 0 
pheromones 

Chlorpyrifos 2923 | 3653 | 2804 0 0 0 0 
(acres) 

Pees 0 0| 3613 0 0 0 0 
(acres) 

Sterile moths 

recovered 1.45 0.86 3.19 | 223| 2.93 1.05 2.09 
(million) 

Native moths | 1917 | 3302 | 1363 14 | 3291 16 60 


trapped 


No native moths were trapped in or after 2012. The last pre-season randomly 
selected monitoring fields with larvae were found in 2005 and 2006. Season-long 
larvae/100 boll recovery levels in these fields were 0.01 and 0.20 respectively. 
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Thereafter no further larvae were found even when fields with positive traps were 
specifically targeted. The last year conventional insecticides and dual insecticide- 
pheromone treatments were applied was in 2007. This was the result of one hotspot 
population along the Texas-Mexican border. The two fields with the greatest difficulty 
were an upland non-B! cotton field on the Mexican side of the border and a 7.9-acre 
Pima cotton field in Texas, separated by less than 150 m distance. Larvae had been 
found late in the season in the Mexican field in 2006. After extensive treatment in 
2007 it was not possible to detect larvae. All of these fields were treated with PBW 
Rope in 2008. In both 2008 and 2009 the only non-sterile inputs were PBW Rope 
applications. 

In 2009, two unexpected events occurred shortly before cotton was harvested. 
These events were widely separated geographically and with different, but logically, 
highly probable origins. 

The first occurred in and around the Pecos River Valley, where field traps started 
capturing large numbers of native moths on September 29. Captures were distributed 
over 6 023 acres, with only 30 acres of non-Bf cotton. No native moths had been 
captured before this time in this area. Historically, wind-borne movement of PBW 
was common at this time of the year and has been documented frequently in 
monitoring traps in non-production areas along desert highway trap lines. A storm 
front movement from an isolated heavily infested organic farm near Midland, Texas, 
matched this hypothesis. Pierce et al. (2013) strongly verified this conclusion in a 3- 
year study. 

The second unexpected event started in the El Paso Valley, October 19, in an area 
with intensive Pima cotton. On August 22, two irradiation canisters with +180 000 
moths per container left the Phoenix facility without having proper radiation tags 
filed. They would have been transported in shipping boxes holding 2.1-2.2 million 
insects each. All moths captured were in an area documented with GPS flight 
recorders from this shipment. No native moth captured was more than half a mile (0.8 
km) from a release swath from this flight. The vast majority of the 2626 non-marked 
moths in the El Paso area were directly within the expected swath of this aircraft. No 
larvae could be found, although exit holes and some characteristic damage was 
observed. The capture curves fitted with expected late-season life cycle length. The 
programme had examined a total of 67 246 blooms and bolls prior to the outbreak 
without any detection. Native moth capture had not occurred in the entire area before 
October 12. It was only logical to conclude that the unanticipated captures were due 
to a release of non-irradiated moths. To mitigate this situation, procedures for 
irradiation safeguarding were reviewed and significantly stiffened at the Phoenix 
PBW mass-rearing facility. 

In 2010, this entire area (8050 acres) was treated with PBW Rope (Table 5) and 
received enhanced sterile moth releases. The native moths captured in 2010 were 
scattered throughout the El Paso zone, but not in the PBW Rope treated area. The last 
native moths captured were in 2011. The Texas PBW programme, as described, has 
not had a further detected moth or larvae. 
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4.2. Chihuahua, Mexico (Phase I) 


Ing. Alfonso Soto Martinez, Gerente del Comité Estatal de Sanidad Vegetal, 2001- 
2008 

Ing. Antonio Medina Arroyo, Gerente del Comité Estatal de Sanidad Vegetal, 2009 
Ing. Juan Carlos Ramirez Sagahon, Gerente del Comité Estatal de Sanidad Vegetal, 
2010-2011 

Ing. Antonio Medina Arroyo, Gerente del Comité Estatal de Sanidad Vegetal 2011- 
2013 

Ing. Jesús Escárcega Terán, Gerente del Comité Estatal de Sanidad Vegetal, 2013 to 
declaration. 


Chihuahua has the largest cotton growing area of any state in Mexico. It is also a state 
in which production areas grew rapidly during this programme. Eradication of PBW 
and boll weevil were and are within the same management programme under the 
Comité Estatal de Sanidad Vegetal. Maps and details for 2002 through 2007 can be 
found in Staten and Ramirez-Sagahon (2008). 

The state programme was ultimately organized in four work units, Ascensión, 
Meoqui, Ojinaga and Juárez, all in northern Chihuahua (Fig. 1). Trap placement in 
Chihuahua was standardized at 1 trap/4 ha and 1trap/20 ha in non-Bt and Bt-cotton 
respectively. 


4.2.1. Ascensión, Chihuahua 

This work unit included all cotton grown in the north-western portion of the state. 
This cotton, with only a few exceptions, was grown with a shorter season and colder 
winter. This is typical of all cotton found in the highland Chihuahua deserts, where 
centre pivot irrigation predominates. Historically boll damage was sporadic and 
usually occurred late in the season. With this in mind, the programme was designed 
to be heavily dependent on the planting of Bt-cotton and PBW Rope treatment. By 
2004, the PBW population had been reduced to a level in which sterile insects would 
not be required. 

During the critical initial three years of the programme (2002-2004), the 
percentage of Bt-cotton was at 67-69% (Table 6). During this time all non-B* cotton 
was treated with PBW Rope. This cotton was well dispersed throughout the cotton 
production area. Native moth captures decreased by 3.6 and 3.7-fold each year. As 
the programme progressed, the application rate of PBW Rope was reduced in areas 
with moderate risk (based on previous year's moth trap capture) from 500 to 250 per 
ha. 

In 2005 some fields did not receive pheromone treatment. Numbers of non-Bt 
fields treated also generally declined with the exception of the 2006 year. This was 
preceded by the only season to season escalation in native moth captures in traps. This 
occurred principally late in 2005, when minimum numbers of larvae were found in 
non-8t monitoring field searches (less than 10). 
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By 2006 only 38% of the cotton was Bt-cotton (Table 6). 2006 had the only 
appreciable escalation of PBW Rope use. Conventional insecticides were used in only 
two years directly for PBW suppression. The last native moth capture in the Ascensión 
area of Chihuahua was in 2007 (12 specimen). Staten and Ramirez-Sagahon (2008) 
noted that this represented two native moths per every 10 000 traps serviced. 


Table 6. Summary data pink bollworm eradication programme for the Ascensión area of the 
state of Chihuahua 


Year 2002 2003 2004 2005 2006 2007 2008 2009 


Total hectares 


Des 11268 | 16499 | 25637 | 23088 | 28430 29228 | 26632 | 10209 
% Bt-cotton 69 68 67 47 38 29 30 31 
ian Rope 3507 5177 8566 8936 | 13110 1118 461 0 
Insecticides 581 0 0 86.9 0 0 0 0 
(ha) 

Native moths 20 256 5489 1467 4204 63 12 0 0 


“Conventional aerially applied insecticides expected locally to be the most effective 


4.2.2. Meoqui, Chihuahua 

This unit is Chihuahua's southern-most cotton growing area. This area of Chihuahua 
is bordered by the states of Coahuila and Durango. It contained all the cotton 
cultivation found around the cities of Delicias and Jimenez. It is an older, diverse 
production unit mostly using impounded water from the Rio Conchos. It has enough 
overwintering habitat to make boll weevil its key pest. 

Area-wide treatment for both PBW and boll weevil started in 2002. The weevil 
required ULV malathion with emphasis on pin square treatments and treatments in 
mid- and late-season based on weevil trap captures. This was followed by treatments 
targeting weevils going into diapause. A high percentage of Bt-cotton was present in 
all years except 2006 (Table 7). The PBW Rope was ideally suited for use in these 
circumstances. In the initial three years (2002-2004), all non-Bt cotton was treated 
with PBW Rope; application was targeted for 6 leaf cotton in the spring. 

In 2005, PBW Rope was applied in the spring on non-Bt fields that had positive 
trap captures the previous year or at detection in early and mid-season. Only in the 
first year were 44.3 ha treated for PBW with a conventional insecticide and a 
sprayable pheromone, in addition to PBW Rope. Suppression in these fields was 
triggered where even a single larva was found by targeted scouting. No aerial 
treatments were applied thereafter. 
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Table 7. Summary data pink bollworm eradication programme for the Meoqui area of 


Chihuahua 
Year 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 

rus hectares 930 | 5151 | 9332 | 6754 4332 | 933 | 1588 45 | 1704 
Non-Bt (ha) 164 | 380 | 278 | 32 2195 | 114 | 266 2| 254 
% Bt-cotton 82 93 97 95 | 49 88 83 99 85 
PBW Rope 164 380 278 180 139 25 12 0 0 
(ha) 

Insecticides 443 0 0 0 0 0 0 0 0 
(ha) 

Native moths N/A" | 377 | 2970 | 1203 | 13410 | 2632| 953| 265 0 


trapped 


* N/A= not available; 5046 moths were captured in the combined Meoqui and Ojinaga work units 


Unfortunately, native moth capture summary data for 2002 are not available as 
they were combined for the areas of the Ojinaga and Meoqui work units. Throughout 
the programme in Chihuahua, trap grids were not completely established until July 
2002. During this programme's 2002 establishment period, boll weevil treatment and 
trapping, as well as PBW Rope application, required availability of early-season 
resources. 

Weekly PBW trap data as reported in Staten and Ramirez-Sagahon (2008) provide 
an understanding of important occurrences in the first two years, with graphics 
showing separate weekly trap captures for each area. There were appreciable trap 
captures in 2002. In 2003, captures were reduced season-long, however, in Meoqui 
during September 2004, trap capture of native PBW escalated. From September to the 
last service date in October 2914 moths were captured with no correlation to non-Bt 
fields. Migration was suspected but not verified. 

In 2006 no moth captures occurred anywhere in Meoqui before the week of 
September 11. From that point on, there was a massive escalation in captures 
throughout the region with no correlation to non-Bf cotton. This included a new 
growing area with no PBW history and major captures in new Bt-fields with no cotton 
history. Highway trap lines were quickly established to the cotton growing area south 
ofthe state of Chihuahua in the La Laguna area, in the states of Coahuila and Durango, 
and to the Texas-Mexico border in Ojinaga. The conclusion, that a major weather- 
driven migration was responsible, was inescapable. 

In 2007, many of the PBW positive fields were shifted to Bt-cotton or other crops. 
PBW Rope use continued but declined. By 2009 no treatment for PBW was needed. 
There have been no further PBW captures since 2009. By 2010, the La Laguna area 
was moving forward for a combined PBW and boll weevil programme. 


PINK BOLLWORM ERADICATION IN UNITED STATES AND MEXICO 73 


4.2.3. Ojinaga, Chihuahua 

This work unit, as stated above, was managed together with the Meoqui unit for three 
years. It had two distinct habitats for boll weevil and PBW. A well-established area 
was in a surface irrigated system at the confluence of the Rio Concho and the Rio 
Bravo (Grande, USA) rivers. This area is a local commerce centre at Presidio, Texas 
and Ojinaga, Chihuahua. Initially Texas had some cotton on its side of the border. On 
the Mexican side, removed from this river valley, where rapidly developing areas of 
centre pivot irrigation. The growing season in these areas is shorter than in the cotton 
areas in the river valley. Its rapid expansion is reflected in the increase in cotton areas 
(Table 8). 

During the initial three years all the non-Bt cotton was treated with PBW Rope. 
Need and use of pheromone was reduced thereafter; the last treatment for PBW 
occurred in 2010 on 78 ha. No conventional insecticides were used for PBW in the 
Ojinaga unit. Boll weevil was treated with ULV malathion. 


Table 8. Summary data pink bollworm eradication programme for the Ojinaga area of 


Chihuahua 
Year 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 
no hectares | i38) | 3987 | 9541 | 10936 | 20102 | 19885 | 19611 | 12585 | 27220 
% Bt-cotton 42 52 82 85 81 60 42 69 86 
Pheromone (ha) 803 | 1907 | 1715 130 245 769 248 315 78 
Insecticides (ha) 0 0 0 0 0 0 0 0 0 
Native moths | Nyat | 390 | 79 4 | 5415 96 | 225 89 0 


trapped 


* N/A = not available, 5046 native moths were captured in the combined Meoqui and Ojinaga work 
units 


As noted in Staten and Ramirez-Sagahon (2008), native moth captures were 
common when traps were deployed in 2002. With area-wide suppression, numbers 
dropped drastically in the following years through 2005, when only four PBW moths 
were captured. However, as detailed in the discussion of the Meoqui unit, Ojinaga's 
2006 trap captures exploded. A continued declining south to north gradient was 
apparent, with the largest portion of total captures occurring in the southern part of 
this area near Camargo, Chihuahua. The lowest captures occurred in the river valley 
on the Texas-Chihuahua border. 
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A season total of 5415 PBW moths were recovered in 2006. This escalation started 
during the reporting week of September 24, as was true of the Meoqui area. Native 
PBW had not been detected before this time in 2006. Similar patterns of capture 
occurred through 2009. Nevertheless, the last moth detections were in 2009 at 89 
moths for that season. In 2010 no moths were detected with trap services exceeding 
4000 traps per week. 


4.2.4. Juárez, Chihuahua 

This unit contained the state of Chihuahua's most destructive PBW populations. Its 
situation was inseparable from the El Paso, Texas valley unit as described in the Texas 
Section. The major differences were in a latter programme starting date (2002) and 
the absence of Pima cotton. Cotton was largely non-Bt in the Juárez unit and non-Bt 
cotton fields on the Mexican side of the border were all G. hirsutum varieties (upland 
cotton). 

The first year's start was with a short time frame as described in the previous areas 
of Chihuahua. This unit started with only the cotton areas in the Rio Bravo (Rio 
Grande, USA) River Valley. As time progressed, new centre pivot irrigated cotton 
areas near Villa Ahumada, south of Juárez, were added to the unit. This centre pivot 
cotton did not create problems. Bt-cotton was primarily grown in the outskirts of the 
city of Juárez's urban interfaces. This scattered cotton production was found in the 
north-western end of the valley. Bt-cotton ranged from 33% in 2002 to 13% in 2008 
(Table 9). 


Table 9. Summary data pink bollworm eradication programme for the Juárez area of 
Chihuahua 


Year 2002 2003 2004 2005 2006 2007 2008 2009 


Total hectares | 5951 | 7579 | 8689 | 7915 | 8898 | 7625 | 7371| 5052 


(ha) 

% Bt-cotton 33 24 29 29 23 20 13 18 
rd Rope 3528 | 5736 | 6177 | 1070| 1063| 1159| 194] 155 
T eaea 697 60 70 30 0 114 0 0 
(ha) 

Sterile moths 

released 0 0 0| 694| 205.7 | 3465 | 3719 | 3445 
(millions) 

Dause momi 9886 | 5573 1247 | 1108 | 1957 447 4 0 


trapped 
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Conventional insecticide was most heavily applied at the start of the year 2002; in 
total 697 aggregate ha were treated over that season. The second highest aggregate 
treatment occurred in 2007 at 114 ha. Use of aerially applied insecticides was limited 
to 30-70 ha in 2003-2005. All non-Bt fields were treated with PBW Rope during the 
initial three years of operations (2002-2004). As in other areas of Chihuahua, 
detection thresholds were used after 2004 and PBW Rope treatments declined after 
that year. 

In 2002 native moth captures were the most intense of any area in Chihuahua. 
From August 25 to November 10, a total of 9486 native moths were captured in 
11 586 total traps serviced. As in other areas of Chihuahua, native moth captures 
declined during subsequent years (Staten and Ramirez-Sagahon 2008). 

By 2006 and 2007, the majority of all captures were recovered in one general area 
of the state of Chihuahua, which was contiguous with fields on the Texas side of the 
border. In 2008, the Chihuahua programme successfully encouraged producers to 
shift most of these fields to Bt-cotton. The last native PBW in the Juárez unit were 
trapped in 2008. 

In 2010 and 2012, PBW Rope was applied to 129 and 153 ha respectively, in 
coordination with Texas treatments targeting finds in adjacent Texas fields still with 
native moth captures. These treatments were triggered based on late-season captures 
in 2009 and 2011 in Texas (Table 5). Sterile moth releases, started in 2005, therefore 
continued through 2012 at 180.2, 119.8, and 118.3 million per year. This was done in 
concert with Texas captures in adjacent fields. There is no ecological separation 
between the two areas. 


4.3. New Mexico, USA (Phases I and II) 


Joe Friesen, Executive Director PBW and BW Foundation, 1999-2013 
Patrick Sullivan, Executive Director PBW and BW Foundation, 2013 to present 


The New Mexico Phase I programme, managed by the New Mexico PBW and BW 
Foundation, covered all the cotton along the Rio Grande River in the Mesilla Valley 
and the Hatch Valley (Fig. 1). These two valleys follow the river from El Paso, Texas, 
north to the Caballo Lake Dam (+100 miles), where cotton is no longer a dominant 
crop. This area, established before 1930, has a diversified agriculture with a high 
percentage of its area dedicated to pecans, peppers, vegetables, alfalfa, and grain. 
Urban interface is significant around its biggest city of Las Cruces. The majority of 
cotton acreage is in these two valleys, where it is irrigated with lake-stored water 
supplemented with groundwater in close proximity to the river. 

A smaller area of cotton production is found further west near Deming, New 
Mexico. It is pump-irrigated and similar to the Ascensión area of Chihuahua, Mexico 
south of this part of New Mexico. Details for the PBW programme for the years 2000 
through 2007 can be found in Friesen and Staten (2008). In four of the first five years 
of the programme, non-Bf exceeded Bt-cotton (Table 10). Non-Bf cotton was made 
up of Pima and upland cotton in order of importance. Of this cotton, 2-5% was 
certified organic. 
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From 2002 through 2004 all non-Bf cotton was treated with PBW Rope. As 
outlined in Friesen and Staten (2008) this was complicated by local cultivation 
practices applied for weed control. Cotton was planted in nearly flat low beds, but 
then cultivation raised the soil in the plant row while forming a deep furrow. As a 
result, PBW Rope applied at the 6th leaf node on a young plant was quickly covered 
in dirt. Pheromone emission was therefore blocked rendering the treatment 
ineffective. 

To overcome this cultivation problem, in 2003 sprayable pheromones and dual 
insecticide-pheromone treatments were applied from ground spray rigs and by air at 
a targeted 10-day interval until the PBW Rope could be applied. This was logistically 
difficult and drastically increased programme input costs. It also contributed to the 
higher than expected usage of sprayable pheromones and insecticide shown in 
Table 10. 


Table 10. Summary data pink bollworm eradication programme in New Mexico (Phase I) 


Year 2002 2003 2004 2005 2006 2007 2008 2010 
Total acres 17 061 21 061 21 701 21 722 21 627 16 957 14 664 13 246 
% Bt-cotton 37 51 46 45 36 80 74 76 
PBW Rope (acres) | 10 690 9300 9493 1991 627 1325 0 0 


Acres aerial 


0 17 025 9843 3445 0 63 0 0 
pheromone 

Actes pheromone 0 | 13115 | 4806 255 0 0 0 0 
+ insecticide 

Mean traps 1782 1906 2371 2231 1652 910 412 633 
serviced/week 

Sterile maths N/A 322.7 365.9 307 


(millions) 


Sterile moths 


330 308 394 842 279 385 15 907 
recovered 


Larvae detected 227 2 0 0 0 0 0 


Native moths 


51 764 126 033 18 126 2978 203 15 0 1 
trapped 
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Treatments were concentrated in pockets. By 2005 this level of treatment could be 
reduced. Even so, with over 11 900 acres of non-Bf cotton, only a combined 
cumulative 3703 acres of sprayable pheromone and conventional insecticides were 
applied. PBW Rope applications in 2007 were based largely on native moth captures 
in 2006. The last year of pheromone treatment in the New Mexico programme was 
2007. 

Sterile moth releases started on a partial, “experimental” basis in Deming, Hatch, 
and north of Las Cruces in 2004. The entire area received its first full complement of 
sterile moths in 2005. Although B+-fields were not specifically targeted, sterile moths 
were present in all fields. In 2007, all non-Bf fields received direct sterile moth 
releases. Less than 50% of these non-Bt fields required any additional pheromone 
treatment. 

Native moth captures were again used to document the decline of detectable 
populations. In 2003, total counts were much higher than in the first year (2002). 
Nevertheless, in 2001 pre-programme captures of moths per trap per week still peaked 
at +7 times greater when compared to similar data for 2003. Post-2003 captures of 
native moths declined each year through 2007, when only 15 native moths were 
trapped for the entire year. 

In 2010 one moth was captured in a field just north of El Paso, Texas, which 
abutted a Texas field with concurrent late-season captures. These fields were literally 
separated by a line on a map representing no more than 20 feet in distance. This small 
area was included in the Texas sterile moth release operations for the remainder of 
the 2010 season and in 2011. 

By 2006, cotton in Chavis, Eddy, and Lee counties of New Mexico was managed 
by contract as part of the Texas boll weevil eradication programme. During this time 
the area was under extensive ULV malathion treatment for boll weevil. The cotton 
produced was predominantly Br-cotton. Pierce et. al. (2013) discusses the last 9 moth 
captures in 2009. All evidence indicates these captures were remnants of the same 
population movement that affected the Pecos valley area of Texas in that same time 
frame. In that study no New Mexico captures occurred in 2010 and 2011. APHIS 
records show negative surveys in 2011 to 2015. 

In Hidalgo county, a small area of cotton production on the Gila river at the 
Arizona-New Mexico border was managed in Phase II as part of Arizona's Safford 
district (Section 4.4.1.) without separation of data. 


4.4. Arizona, USA (Phases II, lla and IIIb) 


Larry Antilla, ACRPC Director, 1991-2011 
Leighton R. Liesner, ACRPC Director, 2011 to present 


The Arizona Cotton Research and Protection Council (ACRPC) was established in 
1984 to deal with an outbreak of boll weevil in Arizona. The outbreak was rapidly 
expanding in scope. The resulting programme culminated in declared boll weevil 
eradication in 1991 (Neal and Antilla 2001). The organization remained intact for 
continued monitoring of boll weevil and PBW populations. Its numerous projects 
included the successful Parker area-wide mating disruption trial, as noted previously. 
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It became a model for other areas of what could be accomplished. It was the key 
example used to convince Texas growers to make a first commitment to eradication 
(Allen et al. 2005). 

The organization became deeply involved in a coordinated programme to address 
area-wide resistance management of PBW in Bt-cotton with the University of Arizona 
(Tabashnik et al. 2000; Antilla et al. 2001; Dennehy et al. 2004). The understanding 
of the presence of resistance and its risk potential was intense. As an issue and threat, 
it was completely controlled as exemplified by declines of resistance expression 
(Tabashnik et al. 2010, 2013). 

When sterile moths became available, the organization was in place for an area- 
wide eradication programme. It had extensive pre-programme population monitoring 
data and knowledge of the relevant areas. The ACRPC and the University of Arizona 
were critical in clearing and implementing a special state 24C label allowing the 
utilization of sterile insects in lieu of structured non-Bf cotton refugia for PBW 
resistance management. A 2005 revised EPA primary Bt-cotton label issued for 2006 
could have ended eradication efforts as they would have rendered some cotton 
untreatable (see transgenic cotton Section 3.3.1. of this chapter). 


4.4.1. Eastern Three Fourths of Southern Arizona (Phase II) 

With the passage of a grower-approved referendum on PBW eradication funding in 
2005, Arizona's ACRPC started its first year with all tools at their disposal in 2006. 
It started in approximately 85% of cotton state-wide. It constituted all cotton in surface 
and groundwater irrigated areas within the eastern three fourths of southern Arizona 
(Fig. 1, Phase II). 

As shown in Table 11, of the 165 683 acres, 93.196 were Bt-cotton in 2006. The 
Safford Valley exceeded this overall average, providing the majority of the Phase II 
area's non-Bt cotton. During this time, much of the cotton planted was Pima (G. 
barbadense). 

An unpublished cooperative effort with ACRPC, USDA-CPHST, and Pacific 
BioControl led the development of the application technology of PBW Rope pre- 
wound on a bamboo stick in lieu of the ropes being directly “tied” on small cotton 
plants. This allowed ACRPC to mechanize treatments for many of their non-Bt fields. 
In all non-Bt fields, treatment could thus be initiated earlier. Arizona was successful 
in applying PBW Rope on all non-8¢ cotton in 2006-2009. Late 2011 native moth 
captures led Arizona to again treat all non-Bt cotton with PBW Rope in 2012. As 
shown in Table 11, aerially applied pheromone treatments declined from 2006 to 2010 
(from 6409 to 0). 

In 2006, Arizona treated a cumulative 6409 acres with conventional insecticides 
predominantly on a small cluster of fields near Eloy. This event did not reoccur in 
subsequent years. All conventional insecticide use was eliminated in 2009. Arizona 
conducted boll surveys in late-season as part of an ongoing Bf resistance monitoring 
programme. Larval PBW populations ceased to be detectable by 2009 in this portion 
of the state. Adult PBW capture decline from 2006, the first year of treatment, through 
2011, was equally impressive. 
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Table 11. Summary data pink bollworm eradication programme in Arizona 
(Phase II - Arizona Zone 1) 


Year 2006 2007 2008 2009 2010 2011 2012 2013 


Total acres 165 683 145 947 118 435 124 191 168 255 213 413 159 244 136 244 


Non-Bf 11 465 6389 2029 2144 7387 11 946 6607 4427 


acres 

(94) (6.9) (4.4) (1.7) (1.7) (44) (5.6) (4.1) 62) 
FBW Rope 11 465 6389 2029 2144 0 0 6607 0 
(acres) 


Acres aerial 


6409 1458 31 64 0 0 0 0 
pheromone 
Inegetieides 2907 1197 62 0 0 0 0 0 
(acres) 
Sterile moth 
releases 1682 1443 1410 1990 1123 1593 1300 382 
(millions)* 
Sterile 
moths 1.447 0.918 0.551 0.307 1.137 1.047 0.489 0.012 
recovered 
(millions) | | | 
Larvae 1126 31 2 
detected 0 0 0 0 
(%) (2.0) | (0.08) (0.02) 
Native 
moths 657 752 199 726 2306 866 453 566 0 0 
trapped 


* In 2006, California Phase Illa 's release numbers are included in this table 


4.4.2. North of Yuma Arizona along the Colorado River (Phase Illa) 

Eradication treatments of cotton areas north of the Yuma, Arizona area along the 
Colorado River (Fig. 1) began in 2007. It included the Parker and Mojave valleys 
along the Colorado River. Southern California started its eradication treatments at the 
same time. The area had high ratios of Bt- to non-Bt cotton (Table 12). Prior to 2007 
many of the growers in this area used the un-treated non-Bf cotton option (5%) for 
resistance management. At least some of this was not harvested (sacrificed) due to 
PBW damage. 

With the initiation of sterile moth releases for resistance management, all non-Bf 
cotton could be and was treated at or just before 6 leaf with PBW Rope on a bamboo 
stake. This occurred from 2007 through 2010, and in 2012. The decision to treat in 
2012 was state-wide after unexpected increases in late 2011 (see above). With a 
preponderance of Bt-cotton, PBW Rope treatment, and sterile moth releases, the need 
for sprayable pheromone and conventional insecticides ended quickly (Table 12). 
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Throughout the pheromone-treatment years, the majority of all native moth 
captures were actually in Bt-cotton, either near a non-Bf cotton field or in fields which 
were rotated out of a non-Bt refuge field the previous year. Captures were reduced by 
97.9% between 2007 and 2008. Larval populations were no longer detectable after 
2007. 


Table 12. Summary data pink bollworm eradication programme in Arizona 
(Phase Illa - Arizona Zone 2) 


Year 2006* 2007 2008 2009 2010 2011 2012 2013 
Total acres N/A 16 546 12 835 12 108 18 654 28 940 24 204 19 485 
Non-Bf acres NIA 509 993 1812 1116 1278 299 285 

0, 

va) (3.1) | (7.7) | (15) | (6) | (4.4) | (1.2) | (1.5) 
TRW Rope N/A 509 995 | 1812| 1116 0 299 0 
(acres) 
Areal 
pheromone N/A 290 0 111.5 0 0 0 0 
(acres) 


Conventional 


N/A 117 0 0 0 0 0 0 
(acres) 

Sterile maths N/A 56689 | 47432 | 32546 | 18125 | 17150 | 21904 10 
recovered 

Larvae detected 784 3l 0 0 0 0 0 0 
Natiyeamoths N/A 155 104 3259 1183 36 17 0 0 


trapped 


* Pre-programme treatment 


4.4.3. Yuma and Lower Colorado Basin (Phase IIIb) 

The profile of the Yuma area, Phase IIIb was similar to Phase IIIa and the rest of the 
Lower Colorado Basin (Fig. 1). In all these areas, when non-Bt cotton is produced full 
season, the PBW population development potential is extensive, as most of the winter 
is frost-free. Fortunately, in Yuma most of the cotton is rotated with high value winter 
vegetables. That portion of the area's cotton crop is terminated in August and 
September. Consequently, the PBW population growth potential from September 
through November is severely curtailed in these fields. This, and high percentages of 


Bt-cotton, was extremely important in potential PBW population reduction 
(Table 13). 
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All non-Bt fields were treated with PBW Rope for the first five years of 
programme operations. A portion of the non-Bt fields were treated with aerially 
applied pheromone in 2008 and 2009 after PBW Rope efficacy ended. Conventional 
insecticides were only needed in 2008 and were minimal. Larval populations were not 
detected after 2009. After 2007, pre-programme survey moth captures declined 
sharply with no native moth captures in 2011 and one in 2012.The one capture in 2012 
was in early April before hostable fruit set. It was the last native moth detection in the 


programme in the USA. 


Table 13. Summary data pink bollworm eradication programme in Arizona 


Year 


Total acres 


Non-Bt acres 


(70) 


PBW Rope 


Acres aerial 
pheromone 


Conventional 
(acres) 


Sterile moths 
recovered 


Larvae 
detected 


Native moths 
trapped 


* 


2007 


N/A 


N/A 


N/A 


N/A 


N/A 


N/A 


44 


61 166 


2008 


10 358 


236 | 
2.3) | 


236 


248 


386 


11 861 


21 032 


* Pre-programme operations 


4.5. Southern California, USA (Containment Programme, Phases Illa and IIIb) 


Jodie Brigman District, Supervisor CDFA, 2001-2017 
Jim Rudig, Programme Manager CDFA, 2006-2011 


2009 


12 957 


717 | 
(5.5) | 


714 


930 


75 027 


4175 


2010 


15 571 


344 | 
ez | 


344 


39 718 


85 


(Phase IIIb - Arizona Zone 3) 


2011 


75 822 


2012 


19 116 


75 961 


2013 


130 978 


Victoria Hornbaker, Programme Manager CDFA, 2011, interrupted, current 


The California organization (California Cotton Pest Control Board, CCPCB) was in 
place and operating in southern California before 2007, with all needed CDFA staff 
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working on PBW activities, including the long-standing San Joaquin Valley 
containment/exclusion programme. They were deeply involved in population 
monitoring particularly in long standing monitoring of seasonal PBW movement 
throughout the area. Important efforts included monitoring for Bt resistance 
management in cooperation with the other states, led by the University of Arizona 
(Dennehy et al. 2004). 

When PBW invaded southern California in 1963-64, the Imperial Valley, the 
Coachella Valley, and the Blythe-Palo Verde Valley had an extensive and prosperous 
cotton industry, frequently comprising more than 100 000 acres. Before PBW 
establishment, southern California produced very high yields with limited, targeted 
insecticide. The tenets of integrated pest management pioneered here, as described by 
Stern et al. (1959), had become a world standard. 

In this southern California area, cotton was produced using a February-March 
planting window and harvested well into December. As part of the Lower Colorado 
River Basin (Fig. 1), with its neighbours of Yuma in Arizona, San Luis Río Colorado 
in Sonora, and Mexicali in Baja California, cotton's long-season growth regimen 
allowed the introduction and establishment of PBW to produce more generations per 
season than anywhere else in its North American range. Results of the invasion were 
significant yield losses and extensive insecticide use. Secondary pests, exemplified 
by whitefly, became common. 

By the time southern California entered the PBW eradication programme in 2007, 
neither the Coachella Valley, nor the Imperial Valley had any commercial cotton. 
Only the Blythe area, the Palo Verde Valley, Bard/Winterhaven area (adjacent to 
Yuma), and Needles north of Parker, still produced some cotton in southern 
California. Most importantly, southern California had the highest ratio of Bt- to non- 
Bt cotton of any area in the programme (Table 14). 

Southern California was unique in that it also had a small but important okra 
production. Okra is a weak host for PBW in the south-western USA and PBW has a 
decided preference for cotton. In addition, okra pods are harvested before larvae can 
develop, serving as a mechanical control. In the above agronomic environment, no 
conventional insecticides or sprayable pheromone systems were used. All non-Bt 
cotton was treated with PBW Rope from 2007-2011. Okra in the Imperial Valley was 
treated with PBW Rope for the initial three years. PBW Rope was also applied in the 
Coachella valley in 2008. 

The small amount of non-Bt cotton was targeted at the onset of the programme at 
the standard mean of 250 sterile moths/acre/day (618/ha/day). All okra was targeted 
at a mean of 200 sterile moths/acre/day. In their most important role, sterile moth 
releases were used for PBW resistance prevention and management. Bt-cotton was 
targeted at a standard of 10 sterile moths/acre/day (24.7/ha/day). Adult moth 
monitoring showed a consistently decreasing number of native PBW moths captured 
each year that the programme progressed (Table 14). 

The last native moth was captured in southern California in 2011. It was captured 
in a highway trap line, not in a field trap. 
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Table 14. Summary data pink bollworm eradication programme in southern California 


Year 2007 2008 | 2009 | 2010 2011 2012 2013 
Total acres cotton 16 555 9 635 6 132 10 445 19 175 18 293 16171 
— 130 30 71 0 85 105 30 
(%) 0.8); (3)) (LD| (00) | (04) (06! (02 
Okra (acres) 205 460 597 560 513 555 515 
PBW Rope cotton 130 30 71 0 85 0 0 
(acres) 

PEW Rope ok 205 460 | 327 0 0 0 0 
(acres) 

Sterile moths: 7646 | 7215 | 36.71 | 12474 | 527 125 0 
released (millions) 

Native moths 447067 | 16395 | 6142 147 1 0 0 


trapped 


4.6. Northern Sonora, Mexico (Phase Ila) 


Ing. Javier Valenzuela Lagarda, Gerente de Comité de Sanidad Vegetal, 2006 to 
declaration. 


The cotton growing area of northern Sonora is found predominantly along the lower 
Colorado River in San Luis Río Colorado. In addition, it includes cotton in Sonoyta 
on the Arizona/Sonora border more than 200 km to the east. The Sonoyta data include 
scattered fields near the city of Caborca. In the latter, like much of Sonora's southern 
coastal production areas, agriculture has shifted to vegetable production. At this time 
no cotton production remains in Caborca. The only other cotton in Sonora during this 
programme was in the state's southern coastal areas. The Sonoyta area was limited 
and of a shorter season than San Luis. The San Luis growing area is separated from 
the Yuma, Arizona growing area by the small twin cities of San Luis Río Colorado 
and contiguous San Luis, Arizona. It is separated from the Mexicali Valley of Baja 
California only by the normally dry Colorado River and riparian area. The cotton is 
planted in early March through mid-April. In San Luis irrigation for cotton production 
is limited after August. This limits reproduction in later generations of PBW. 

During 2007 and 2008, only non-Bt-cotton was produced in the Sonoyta / Caborca 
area. By 2013, this trend was completely reversed in favour of Bt-cotton in Sonoyta, 
while after 2010 the scattered fields around Caborca were no longer in cotton. The 
increased ratio of Bt- to non-Bt cotton was more pronounced in San Luis proper as 
well. By 2013, 99% of all cotton was Bt as illustrated in summary Table 15. 
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Table 15. Northern Sonora, Mexico pink bollworm eradication programme summary 
data 
(Phase IIIb, Figure 1) 


Year 2007 2008 2009 2010 2011 2012 2013 


Total hectares 


(ha) 3126 3885 2974 3657 6881 6751 3515 
% Bi-cotton 54 72 75 87 91 92 99 
Pheromones 1425 1093 751 478 550 237 10 
(ha) 

Inisegtigide 454 197 55 33 0 0 0 
(ha) 

Sterile moth 

releases 0 0 152.5 1984 | 2088 | 2103 1172 
(millions) 

Ear 22 fields | 9 fields | 7 fields | 1 field 

detected 


Native moths 


1 139 586 159 421 35771 1139 163 7 0 
trapped 


In 2007 and 2008, sterile insect release was not available until 2009. The 
programme objectives were to drive populations down below conventional pest 
management field treatment thresholds. Northern Sonora’s objectives were to treat all 
non-Bt cotton with PBW Rope on bamboo stakes. Limited conventional insecticide 
plus sprayable pheromone was required, but progressively reduced through 2010 
(Table 15). Programme management treated fields with the highest risk with a second 
application of PBW Rope at 50-65 days, when triggered by native moth captures. 
Insecticide plus sprayable pheromone was used only when a larva was detected in boll 
samples. 

In the first year (2007), with a full trap grid (1 trap per 4 ha non-Bt and 1 trap per 
20 ha Bt-cotton), captures totalled 1 139 586 native moths season-long. The San Luis 
Rio Colorado area contributed most of these captures. It was influenced by its adjacent 
neighbour, the Mexicali valley, which was not yet in the eradication programme. In 
2008 captures declined significantly to 159 421 (Table 15). 

Perspective pre-programme data on file show season-long mean native moths per 
trap per week from 2006 through 2008 to be 106, 46, and 16. This downward 
progression continued to zero native moths captured in 2013. Solid evidence of 
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reproduction is found when any larvae can be detected in a field. During the first year, 
22 fields were positive, all in San Luis Río Colorado. By 2010, even with extensive 
"directed" sampling of fields with native moth captures, only in one field a larva was 
detected. 

No PBW has been detected in this programmatic area after May of 2012. The last 
seven native moth captures coincide in time and space with the last adults captured in 
neighbouring Mexicali and Arizona. 


4.7. Mexicali, Baja California, Mexico (Phase IIIb) 


Ing. Enrique Montano, Gerente del Comité Estatal de Sanidad Vegetal, 2006-2007 
Ing. Roberto Roche Uribe, Gerente del Comité Estatal de Sanidad Vegetal, 2008 to 
declaration. 


The Mexicali Valley, during the course of this eradication programme, contained all 
the cotton in Baja California (Fig. 1). It was established as a production area in 1912. 
Its water source, like San Luis Río Colorado, is the Colorado River, its eastern border. 
The northern limit of this valley is the California, USA border with Mexico. As with 
San Luis Rio Colorado, if cotton were to be grown for its longest potential season, it 
would generate extremely high populations of PBW. Irrigation for cotton has long 
been terminated in late August. Yield potential is still high, with planting and harvest 
windows consistent with its Sonoran neighbour. This area has no PBW population 
separation from northern Sonora. 

When PBW entered this system, as in San Luis Río Colorado, it drastically 
affected production practices. Insecticide use escalated for secondary pests as well as 
PBW. Shorter growing cycles became the reality. As in all areas, the introduction of 
Bt-cotton was profound. Its use escalated even as growers ceased to find PBW 
resulting from eradication activities in non-Bt cotton (Table 16). 

Pre-programme monitoring data for 2007 has been provided, indicating extremely 
high native moth captures. Programmatic control activities in non-Bf cotton started in 
2008 with pheromone treatment of all fields. Two different high-rate systems were 
used in 2008. The PBW Rope was used on 73% of non-Bt fields. A second high-rate 
system was used on the remaining non-B? fields. 

In 2009-2012 all non-Bt fields were treated with the PBW Rope, targeting a pre-6 
node cotton development window. After 2010, all PBW Rope applications at or before 
6 leaf were applied on the bamboo stake. Dual insecticide-pheromone applications 
were used on fields in which trap captures exceeded one moth per trap per night, or 
in which larvae could be found. This occurred in 2008, from the week of 4 August 
through 15 September. Field re-treatment varied depending on trap captures. By 2011, 
only one field required treatment (36 ha, Table 16). Sterile moth releases started in 
2009 with the majority directed over non-Bt fields. This continued through 2013 in 
areas where native moths were captured in 2012. 

In population assessment, no larvae were detected after 2009. These data were 
from a programme evaluation survey of randomly selected non-Bt fields. Fields were 
selected when mapping of cotton fields was complete early in the season. Field 
selection occurred before boll set. 
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Table 16. Mexicali valley, Baja California, Mexico pink bollworm eradication programme 
summary data 


Year 2007 2008 2009 2010 2011 2012 2013 
Total (ha) 20 643 19 984 17385 | 20153 | 33671 32829 | 22814 
% Bt-cotton 62 68 78 84 96 96 96 
Pheromone 

0 6505 3771 3170 1455 1511 0 
(ha) 
codo 0 2750 1652 264 36 0 0 
(ha) 
Sterile moth 
releases 0 0 822.6 766.3 825.5 755.4 258 
(millions) 
Larvae 1450 181 4 
detected 0 0 0 0 
(%) (29) (3.2) (0.007) 
Native moths | | | | | 
trapped 2705400 | 709203 162 226 15 258 401 18 0 


All native moth capture data in Table 16 were totals from the programmatic 
standard season-long trap grids. Pre-programme valley monitoring in 2007 produced 
a season-long moths/trap/week average of 103.9 native moths. Many of these delta 
traps were past trap capacity and no longer capturing all moths which entered the trap. 
At the end of the first year of programmatic treatments, season-long average 
capture/trap/week dropped to 9.2. 

As was true in Sonora and Arizona, 2012 was the last year in which native adult 
moths were captured. In 2012, a total of 18 native moths were all captured on or before 
the week of 26 May. These were the last native moths captured and the last detection 
of any life form of PBW anywhere in this bi-national programme. 


5. CONCLUSIONS 


On November 22, 2012 ten municipalities in north-western Chihuahua were declared 
free of PBW (as officially eradicated). This area was the Ascensión work area which 
had not had a detected population for 5 years. Subsequently, on December 8, 2014, 
eradication was declared for the remainder of the state of Chihuahua. On February 3, 
2016, PBW was declared eradicated from Sonora and Baja California (SENASICA 
2018). 
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Though not covered in this report, PBW has in the meantime also recently been 
eradicated from the Mexican states of Coahuila and Durango (Diario Oficial 2018). 
This latter cotton area (La Laguna) centres around the city of Torreón in the states of 
Coahuila and Durango, which was the first reported area infested with PBW in 
continental North America (Noble 1969). The state of Tamaulipas, which is 
contiguous to Texas and has likewise been involved in PBW eradication activities, 
also had no PBW captures in 2018, but has not yet been declared PBW-free (SADER 
2018). 

In the USA, eradication could only be declared after Bt-cotton labelling issues for 
refugia (grower variety selection) were resolved. This occurred after 6 years of 
continuous negative surveys. The United States Secretary of Agriculture signed the 
eradication proclamation for all USA cotton production areas on October 19, 2018 
(USDA 2018). Eradication has been successfully achieved over a very diverse 
geographic and ecological range because many years of research and development 
had provided multiple surveillance and control tools (Noble 1969; Naranjo et al. 
2002). These were tools which could be used synergistically. The area-wide 
integration of tools was then successfully tailored to varied habitats over the pest's 
broad range. 

Resistance to Bt-cotton is, in the view of the first author, the most important 
entomological issue concerning cotton worldwide. Movement of a multi-gene 
resistant PBW population back into this bi-national programme area would be of the 
gravest concern. 


6. ACKNOWLEDGEMENTS 


Dr. Michelle Walters passed away due to cancer before this manuscript could be 
completed. She worked extensively for PBW eradication throughout her career. Larry 
Antilla, Theodore N. Boratynski, Edwardo Gutierrez, Tish Bond, and Eoin B. Davis 
were invaluable in data verification and manuscript preparation. 

It is not tenable within the scope of this paper to list all the people and 
organizations that were important for achieving success. In the USA, leaders from the 
producer community and “field” were the principal forces for initiation and execution. 
The project in Mexico followed the presidencies found in many of its state 
phytosanitary committees. Direct field managers for each state have already been 
listed in the text. 

Important acknowledgments for Mexico agricultural authorities are: Dr. Jorge 
Hernandez Baeza, Director Sanidad Vegetal; Dr. Javier Trujillo Director, 
SENASICA; Ing. Hector Sanchez Anguiano, DGSV; and Ing. Juan Carlos Ramirez- 
Sagahon, SENASICA. 

In Chihuahua we worked with: Ing. Rubin Ortega Rodrigues, Ing. Lionel Gutierrez 
Estrada, Ing. Arnulfo Nunez Carbajal, Ing. Carlos Garcia Duran, Ing. Jesus Antonio 
Escarcega Terin, Ing. Izabel Roman Medina, Ing. Alfredo De La Torre Rivera (USDA 
FSN), Ing. Juan Angel Guzman M., Ing. Francisco Cardenas, Ing. Epifanio Hernandez 
G. Ing. Ricardo Alvarado Garcia, Ing. Luis Omar Jimenez Quintana, and Ing. Luis 
Carlos Ortega Duran. 


88 R. T. STATEN AND M. L. WALTERS 


In Sonora programme colleges include: Ing. Gilberto Valdez, Ing. Urgujo, Ing. 
Erick Cortes Onofre, Ing. Mauricio Chavarria Onofre, Ing. Rene Yescas Dominguez, 
and Ing. Ricardo Vazquez. 

Acknowledgements of importance for Baja California include: Ing. Enrique 
Montano, Ing. Roberto Roche Uribe, Ing. Hector Aguirre Romero, and Ing. Ricardo 
Mora Armento. 

The USDA-APHIS-IS network collaborated with all the above and included: Elba 
Quintero, Nicholas Gutiérrez, Theodore Boratynski, Ing. Francisco Corrales Dorame 
(FSN), and Ing. Edwardo Gutiérrez (FSN). 

Inthe USA the National Cotton Council provided the framework for all legislative, 
technical, managerial and budgetary decisions through its producer member Pink 
Bollworm Action Committee (PBWAC). Chairmen included Ted Pierce (Arizona), 
Bill Lovelady (Texas), Denis Palmer (Arizona), Clyde Sharp (Arizona), and Ted 
Sheely (California). 

A Technical Advisory Subcommittee offered its recommendations. Vice President 
John Maguire and staff members Frank Carter and Don Parker are noted. 

The most important contributions of the USDA-APHIS-PPD were in sterile insect 
production, regulatory issues and programmatic support. Fred D. Stewart, Ernie 
Miller, and Eoin Davis managed all rearing and shipping in sequence. The USDA- 
APHIS staff officers William J. Grefenstette, Osama A. El-Lissy, and James A. 
Schoenholz are noted. 

El Paso, Texas producers that fostered the eradication programme were led by Bill 
Lovelady and Jim-Ed Miller. They worked with TBWF and its board of directors, the 
Foundation Director Lindy Patton and the Boll Weevil Programme Manager Osama 
El-Lissy. Woody Anderson provided primary grower leadership as Foundation 
Chairman. 

The New Mexico cotton producers who were a constant throughout are 
represented by Keith Deputy and Robert Sloan. Work unit supervisors were Leighton 
Liesner and Allen Van Tassel. 

Arizona's strength came from the Arizona Cotton Growers Association, Rick C. 
Lavis (Vice-President), and its operations arm, the producer-led Arizona Cotton 
Research and Protection Council. Council Chairmen include: Paul Ollerton, Clyde 
Sharp, Denis Palmer, Adam Hatley, and Jerry Rovey. Arizona directors previously 
listed and Mike Whitlow, Donna Fairchild, Mike Woodward, Bob Ellington, Penny 
Malone, Jerry Kerr, and Bobby Soto. 

The California Cotton Pest Control Board (CCPCB) were primary funders of the 
60-year SIT containment programme and the PBW rearing facility. Wally Shropshire, 
Chairman, and Jack Stone were 50+ year influencers on this board. Funds were 
managed through CDFA with partnership with USDA. 

Important early managers from CDFA included Dr. Isi Siddique and Robert 
Roberson. They were critical in administration of CCPCB funding and in construction 
of the rearing facility. Agricultural Commissioners in all California cotton production 
counties were the local regulatory arm. 


PINK BOLLWORM ERADICATION IN UNITED STATES AND MEXICO 89 


7. REFERENCES 


Allen, C. T., L. E. Smith, S. E. Herrera, and L. W. Patton. 2005. Pink bollworm eradication in Texas — 
a progress report, pp. 1219-1224. Proceedings Beltwide Cotton Conferences, New Orleans, Louisiana. 
National Cotton Council of America. Nashville, Tennessee, USA. 

Allen, C. T. 2008. Boll weevil eradication: An areawide pest management effort, pp. 467—559. In O. Koul, 
G. Cuperus, and N. Elliott (eds.), Areawide pest management: Theory and implementation. CAB 
International. Wallingford, UK. 

Anonymous. 1961. The pink bollworm in Arizona 1958-1960. USDA, Agricultural Research Service, 
Plant Protection Pest Control Division. 

Antilla, L., and L. Liesner. 2008. Program advances in the eradication of the pink bollworm Pectinophora 
gossypiella in Arizona cotton, pp. 1162-1168. Proceedings Beltwide Cotton Conferences, Nashville, 
Tennessee. National Cotton Council of America. Nashville, Tennessee, USA. 

Antilla, L., M. Whitlow, R.T. Staten, O. El-Lissy, and F. Meyers. 1996. An integrated approach in 
areawide pink bollworm management in Arizona, pp. 1083-1086. Jn P. Dugger, and D. A. Richter 
(eds.), Proceedings Beltwide Cotton Conferences, Memphis, Tennessee. National Cotton Council of 
America. Nashville, Tennessee, USA. 

Antilla, L., M. Whitlow, B. Tabashnik, T. Dennehy, and Y. Carriére. 2001. Benefits of multi-level 
monitoring activities for a pink bollworm resistance management program in transgenic (Bf) cotton in 
Arizona, pp. 1173-1175. Proceedings Beltwide Cotton Conferences. National Cotton Council of 
America. Nashville, Tennessee, USA. 

Baker, T. G., R. T. Staten, and H. M. Flint. 1990. Use of pink bollworm pheromone in the southwestern 
United States, pp 417—436. In R. L. Ridgway, R. M. Silverstein, and M. N. Inscoe (eds.), Behavior 
modifying chemicals for insect management: Application of pheromones and other attractants. Marcel 
Dekker, New York, USA. 

Bierl, B. A., M. Beroza, R. T. Staten, P. E. Sonnet, and V. E. Adler. 1974. The pink bollworm sex 
attractant Journal of Economic Entomology 67: 211—216. 

Brooks, T. W., C. C. Doane, and R. T. Staten. 1979. Experience with the first commercial pheromone 
communication disruptive for suppression of an agricultural pest, pp 375—388. In F. J. Ritter (ed.), 
Chemical ecology: Odour communication in animals. Elsevier/North-Holland Biomedical Press, 
Amsterdam, The Netherlands. 

Burns, D. W., M. P. Murphy, M. L. Parsons, L. A. Hickle, and R. T. Staten. 1983a. The evaluation of 
internal elemental discriminators for pink bollworm by inductively coupled plasma-atomic emission 
spectrometry. Applied Spectroscopy 37: 120-123. 

Burns, D. W., M. P. Murphy, K. L. Jones, M. L. Parsons, P. Farnsworth, E. T. Ozaki, and R. T. 
Staten. 1983b. The evaluation of internal elemental markers for Mediterranean fruit fly (Diptera: 
Tephritidae) reared in tagged artificial diets. Journal of Economic Entomology 76: 1397—1420. 

Cardé, R. T., A. Mafra-Neto, R. T. Staten, and L. P. S. Kuenen. 1997. Understanding mating disruption 
in the pink bollworm. /n P. Witzgall, and H. Arn (eds.), Technology transfer in mating disruption. 
Pheromones and other semiochemicals in integrated production. Proceedings IOBC-WPRS 
Symposium, 1996, Montpellier, France. 

Dennehy, T. J., G. C. Unnithan, S. A. Brink, B. D. Wood, Y. Carriére, B. E. Tabashnik, L. Antilla, 
and M. Whitlow. 2004. Update on pink bollworm resistance to Bt cotton in the southwest, pp. 1569— 
1577. Proceedings Beltwide Cotton Conferences. National Cotton Council of America. Nashville, 
Tennessee, USA. 

Diario Oficial. 2018. Acuerdo por el que se declara como zona libre del gusano rosado (Pectinophora 
gossypiella) a los estados de Coahuila de Zaragoza y Durango. Diario Oficial de la Federación, Primera 
Sección. 20 de diciembre de 2018. Secretaría de Agricultura y Desarrollo Rural (SADER). Estados 
Unidos Mexicanos. Ciudad de México, México. 

El-Lissy, O., R. T. Staten, and B. Grefenstette. 2002. Pink bollworm eradication plan in the U.S, pp. 
973—971. Proceedings Beltwide Cotton Conferences, Atlanta, Georgia. National Cotton Council of 
America. Nashville, Tennessee, USA. 

Flint, H. M., S. Kuhn, B. Horn, and H. A. Sallam. 1974. Early season trapping of pink bollworm with 
gossyplure. Journal of Economic Entomology 67: 738—740. 

Flint, H. M., J. R. Merkle, and A. Yamamoto. 1985. Pink bollworm (Lepidoptera Gelechiidae): Field 
testing a new polyethylene tube dispenser for gossyplure. Journal of Economic Entomology 78: 1431— 
1436. 


90 R. T. STATEN AND M. L. WALTERS 


Flint, H. M., T. J. Henneberry, F. D. Wilson, E. Holguin, N. Parks, and R. E. Buehler. 1995. The 
effects of transgenic cotton Gossypium hirsutum lines containing Bacillus thuringiensis toxin genes for 
the control of the pink bollworm, Pectinophora gossypiella (Saunders) Lepidoptera Gelechiidae and 
other arthropods. The Southwestern Entomologist 20: 281—292. 

Foster, R. N., R. T. Staten, and E. Miller. 1977. Evaluation of traps for pink bollworm. Journal of 
Economic Entomology 70: 289—291. 

Friesen, J., and R. T. Staten. 2008. Progress report for the New Mexico pink bollworm, Pectinophora 
gossypiella (Saunders), eradication program, pp. 1179-1185. Proceedings Beltwide Cotton 
Conferences, Nashville, Tennessee. National Cotton Council of America. Nashville, Tennessee, USA. 

Fye, R. E. 1976. Improved method for holding cotton bolls for detecting pink bollworm. U. S. Department 
of Agriculture, Agricultural Research Service Publication 1, ARS W 37, Western Region, 3 pp. 

Graham, H. M., and C. L. Mangum. 1971. Larval diets containing dyes for tagging pink bollworm moths 
internally. Journal of Economic Entomology 64: 376—379. 

Grefenstette, B., O. El-Lissy, and R. T. Staten. 2009. Pink bollworm eradication plan in the United States. 
U.S. Department of Agriculture, Animal and Plant Health Protection Service. Washington, DC, USA. 

Head, G. P., and J. Greenplate. 2012. The design and implementation of insect resistance management 
programs for Bt crops. GM Crops & Food: Biotechnology in Agriculture and the Food Chain 3: 144— 
153. 

Hendrichs, J., M. J. B. Vreysen, W. R. Enkerlin, and J. P. Cayol. 2021. Strategic options in using sterile 
insects for area-wide integrated pest management, pp. 841—884. Jn V. A. Dyck, J. Hendrichs, and A. 
S. Robinson (eds.), Sterile Insect Technique — Principles and practice in Area-Wide Integrated Pest 
Management. Second Edition. CRC Press, Boca Raton, Florida, USA. 

Hummel, H. E., L. K. Gaston, H. H. Shorey, R. S. Kaae, K. J. Byrne, and R. M. Silverstein. 1973. 
Clarification of the chemical status of the pink bollworm sex pheromone. Science 181: 873—875. 
Knipling, E. F. 1971. Boll weevil and pink bollworm eradication: Progress and plans. Cotton Ginners 

Journal Yearbook 39: 23-30. 

Leggett, J. E., O. El-Lissy, and L. Antilla. 1994. Pink bollworm moth catches with perimeter and in field 
gossyplure baited delta traps. The Southwestern Entomologist 19: 140—155. 

Lingren, P. D., T. J. Henneberry, and T. W. Popham. 1989. Pink bollworm (Lepidoptera Gelechiidae): 
Nightly and seasonal activity patterns of male moths as measured in gossyplure-baited traps. Journal 
of Economic Entomology 82: 782—787. 

Miller, E., F. Stewart, A. Lowe, and J. Bomberg. 1996. New method of processing diet for mass rearing 

pink bollworm, Pectinophora gossypiella (Saunders) (Lepidoptera: Gelechiidae). Journal of 

Agricultural Entomology 13: 129-137. 

Naranjo, S. E., G. D. Butler, and T. J. Henneberry. 2002. A bibliography of the pink bollworm, 

Pectinophora gossypiella (Saunders). Bibliographies and Literature of Agriculture No. 136. USDA, 

Agricultural Research Service, USA. 156 pp. 

Neal, C. R., and L. Antilla. 2001. Boll weevil establishment and eradication in Arizona and northwest 

Mexico pp. 213—224. In W. A. Dickerson, A. L. Brashear, J. T. Brumley, F. L. Carter, W. J. 

Grefenstette, and F. A. Harris (eds.), Boll weevil eradication in the United States through 1999. 

Reference Book Series No. 6. The Cotton Foundation Publisher, Memphis, Tennessee, USA. 

Noble, L. W. 1969. Fifty years of research on the pink bollworm in the United States. U.S. Department of 
Agriculture, Agricultural Research Service, Agricultural Handbook No. 357. 

Pierce, D. L., M. L. Walters, A. J. Patel, and S. P. Swanson. 1995. Flight path analysis of sterile pink 
bollworm release using GPS and GIS, pp. 1059-1060. Jn D. A. Richter, and J. Armour (eds.), 
Proceedings Beltwide Cotton Conferences, Memphis, Tennessee. National Cotton Council of America. 
Nashville, Tennessee, USA. 

Pierce, J. B., C. Allen, W. Multer, T. Doederlein, M. Anderson, S. Russell, J. Pope, R. Zink, M. 
Walters, D. Kerns, J. Westbrook, and I. Smith. 2013. Pink bollworm (Lepidoptera: Gelechiidae) in 
the southern plains of Texas and New Mexico: Distribution and eradication of a remnant population. 
Southwestern Entomologist 38(3): 369—378. 

Rudig, J. F., and D. F. Keaveny. 2008. Progress report and overview of pink bollworm, Pectinophora 
gossypiella (Saunders) eradication in California, pp. 1156-1192. Proceedings Beltwide Cotton 
Conferences. National Cotton Council of America. Nashville, Tennessee, USA. 

(SADER) Secretaría de Agricultura y Desarrollo Rural. 2018. Sanidad Vegetal: Décimo segundo 
informe mensual campaña contra plagas reglamentadas del algodonero. Dirección General de Sanidad 
Vegetal, Dirección de Protección Fitosanitaria. Servicio Nacional de Sanidad, Inocuidada y Calidad 
Agroalimentaria (SENASICA), SADER, Gobierno de Mexico. 


PINK BOLLWORM ERADICATION IN UNITED STATES AND MEXICO 91 


Schmitt Jr., T. J. 1967. The pink bollworm in Arizona, second addendum. Agricultural Research Service, 
Plant Protection Pest Control Division, USDA, USA. 

(SENASICA) Servicio Nacional de Sanidad, Inocuidad y Calidad Agroalimentaria. 2018. Declara 
SAGARPA Zona Libre del gusano rosado del algodonero a tres estados y un municipio de Coahuila. 
Chihuahua, Baja California y Sonora, así como el municipio de Sierra Mojada en Coahuila obtuvieron 
el estatus libre de plaga. 7 de noviembre de 2018. Secretaría de Agricultura, Ganadería, Desarrollo 
Rural, Pesca y Alimentación. Ciudad de Mexico, Mexico. 

Shahid, J. 2014. Bollworms develop resistance against Bt cotton crop. Islamabad: Farmers and agriculture 
scientists are alarmed by the destructive attack of bollworms this year that seem to have developed 
resistance against the genetically-modified (GM) cotton crop. Dawn, July 14, 2014. Islamabad, 
Pakistan. 

Staten, R. T., and J. C. Ramirez-Sagahon. 2008. The bi-national pink bollworm eradication program — 
an overview, pp. 1169-1178. Proceedings Beltwide Cotton Conference, Nashville, Tennessee. 
National Cotton Council of America. Nashville, Tennessee, USA. 

Staten, R. T., R. W. Rosander, and D. F. Keaveny. 1993. Genetic control of cotton insects: The pink 
bollworm as a working program, pp. 269—283. Jn Management of insect pests: Nuclear and related 
molecular and genetic techniques. International Atomic Energy Agency, Vienna, Austria. 

Staten, R. T., L. Antilla, and M. L. Walters. 1995. Pink bollworm management: Prospects for the future, 
pp. 153-156. In D. A. Richter, and J. Armour (eds.), Proceedings Beltwide Cotton Conferences, 
Memphis, Tennessee. National Cotton Council of America. Nashville, Tennessee, USA. 

Staten, R. T., O. El-Lissy, and L. Antilla. 1997. Successful area-wide program to control pink bollworm 
by mating disruption, pp. 383—396. In R. Cardé, and A. K. Minks (eds.), Insect pheromone research: 
New directions. Chapman Hall, New York, USA. 

Staten R. T., M. Walters, R. Roberson, and S. Birdsall. 1999, Area-wide management / maximum 
suppression of pink bollworm in Southern California, pp. 985—988. Proceedings Beltwide Cotton 
Conferences, Memphis, Tennessee. National Cotton Council of America. Nashville, Tennessee, USA. 

Staten, R. T., E. Miller, M. Grunnet, P. Gardner, and E. Andress. 1988. The use of pheromones for 
pink bollworm management in western cotton, pp. 206-209. In J. M. Brown, and D. A. Richter (eds.), 
Proceeding Beltwide Cotton Conferences, Memphis, Tennessee. National Cotton Council of America. 
New Orleans, Louisiana, USA. 

Staten, R. T., H. M. Flint, R. C. Weddle, E. Quintero, R. E. Zarate, C. M. Finnell, M. Hernández, and 
A. Yamamoto 1987. Pink bollworm (Lepidoptera Gelechiidae): Large scale field trials with a high 
rate gossyplure formulation. Journal of Economic Entomology 80: 1207-1271. 

Stern, V. M. 1979. Long- and short-range dispersal of the pink bollworm Pectinophora gossypiella over 
southern California. Environmental Entomology 8: 524—527. 

Stern, V. M., and V. Sevacherian. 1978. Long-range dispersal of pink bollworm into the San Joaquin 
Valley. California Agriculture 32(7): 4—5. 

Stern, V. M., R. F. Smith, R. van der Bosch, and K. S. Hagen. 1959. The integration of chemical and 
biological control of the spotted alfalfa aphid: The integrated control concept. Hilgardia 29(2): 81-154. 

Suckling, D. M., L. Stringer, A. Stephens, B. Woods, D. Williams, G. Baker, and A. El-Sayed. 2014. 
From integrated pest management to integrated pest eradication: Technologies and future needs. Pest 
Management Science 70: 179-189. 

Tabashnik, B. E., T. Brevault, and Y. Carriere. 2013. Insect resistance to Bt crops: Lessons from the 
first billion acres. Nature Biotechnology 31: 510—521. 

Tabashnik, B. E., A. L. Patin, T. J. Dennehy, Y. B. Liu, Y. Carriére, M. A. Sims, and L. Antilla. 2000. 
Frequency of resistance to Bacillus thuringiensis in field populations of pink bollworm. Proceedings 
National Academy of Sciences USA 97(24): 12980-12984. 

Tabashnik, B. E., M. S. Sisterson, P. C. Ellsworth, T. J. Dennehy, L. Antilla, L. Liesner, M. Whitlow, 
R. T. Staten, J. A. Fabrick, G. C. Unnithan, A. J. Yelich, C. Ellers-Kirk, V. S. Harpold, X. Li, 
and Y. Carriere. 2010. Suppressing resistance to Bt cotton with sterile insect release. Nature 
Biotechnology 28: 1304-1307. 

(TBWEF) Texas Boll Weevil Eradication Foundation. 2019. 

(USDA) United States Department of Agriculture. 2018. USDA announces pink bollworm eradication 
significantly saving cotton farmers in yearly control costs. Press Release No. 0222.18. October 19, 
2018. Washington, DC, USA. 

Vreysen, M. J. B., A. S. Robinson, and J. Hendrichs (eds.). 2007. Area-wide control of insect pests: 
From research to field implementation. Springer. Dordrecht, The Netherlands. 789 pp. 


92 R. T. STATEN AND M. L. WALTERS 


Walters, M., R. T. Staten, and R. C. Roberson. 1988. Pink bollworm integrated management technology 
under field trial conditions in the Imperial Valley, California, pp. 1282-1285. Jn P. Dugger, and D. A. 
Richter (eds.), Proceedings Beltwide Cotton Conferences, Memphis, Tennessee. National Cotton 
Council of America. Nashville, Tennessee, USA. 

Walters, M., Staten, R. Sequeira, and T. Dennehy. 1999. Preliminary analysis of pink bollworm 
population distributions in a large acreage of genetically engineered cotton with regard to resistance 
management, pp. 989-991. In P. Dugger, and D. A. Richter (eds.), Proceedings Beltwide Cotton 
Conferences, Memphis, Tennessee. National Cotton Council of America. Nashville, Tennessee, USA. 

Walters, M. L., R. T. Staten, and R. C. Roberson. 2000. Pink boll worm integrated management using 
sterile insects under field trial conditions, Imperial Valley, California, pp. 201—206. Jn K.-H. Tan (ed.), 
Area-wide control of fruit flies and other insect pests. Penerbit Universiti Sains Malaysia, Pulau 
Pinang, Malaysia. 

Wan, P., D. Xu, S. Cong, Y. Jiang, Y. Huang, J. Wang, H. Wu, L. Wang, K. Wu, Y. Carriere, A. 
Mathias, X. Li, and B. E. Tabashnik. 2017. Hybridizing transgenic Bt cotton with non-Bt cotton 
counters resistance to pink bollworm. Proceedings National Academy of Sciences USA 114(21): 5413— 
5418. 

Watson, T. F. 1995. Impact of transgenic cotton on pink bollworm and other Lepidopteran insects, pp. 
784—796. In D. A. Richter, and J. Armour (eds.), Proceedings Beltwide Cotton Conferences, Memphis, 
Tennessee. National Cotton Council of America. Nashville, Tennessee, USA. 

Wilson, R. D., H. M. Flint, W. R. Deaton, D. A. Fischhoff, F. J. Perlak, T. A. Armstrong, R. L. Fuchs, 
S. A. Berberich, N. J. Parks, and B. R. Stapp 1992. Resistance of cotton lines containing a Bacillus 
thuringiensis toxin to pink bollworm (Lepidoptera: Gelechiidae) and other insects. Journal of 
Economic Entomology 85: 1516-1521. 


THE SUPPRESSION OF THE FALSE CODLING MOTH 
IN SOUTH AFRICA USING AN AW-IPM APPROACH 
WITH A SIT COMPONENT 


N. BOERSMA 


Xsit (Pty) Ltd., 2 Schalk Patience Street, Citrusdal 7340, South Africa; 
nb@xsit.co.za 


SUMMARY 


The false codling moth, Thaumatotibia leucotreta (Meyrick) (Lepidoptera: Tortricidae), is native to sub- 
Saharan Africa, where it infests various commercial, and wild, fruit-bearing plants. This major pest is not 
present in the Americas, Europe, and Asia, and therefore has phytosanitary implications, which impose 
severe limitations on potential South African exports. Consequently, this pest represents a severe threat to 
the fruit industry of South Africa, in terms of socio-economic impacts on both fruit production and job 
security. Although the pest can be managed to some extent with insecticides, mating disruption, and orchard 
sanitation, a long-term environment-friendly solution was needed. This became more evident as 7. 
leucotreta developed resistance to available insecticides, while stricter quarantine measures were enforced 
by importers of African citrus. In 2002, research commenced on an area-wide integrated pest management 
(AW-IPM) programme in conjunction with the development of the Sterile Insect Technique (SIT) for the 
false codling moth. Commercial sterile insect releases started in the 2007-2008 season over 1500 ha of 
citrus orchards in Citrusdal, Western Cape Province, but by 2017-2018 had gradually expanded to almost 
19 000 ha in three different citrus producing regions of South Africa. The programme is currently owned 
by the Citrus Growers Association (CGA) that have contributed to the steady growth of the SIT programme 
in the citrus industry. Over the past ten years the status of 7. leucotreta as a pest threat was systematically 
reduced in areas where the SIT was practiced on an area-wide basis, compared to non-release areas. 


Key Words: Citrus, navel orange, area-wide, Sterile Insect Technique, pest management, Thaumatotibia 
leucotreta, Tortricidae, resistance, quarantine, South African exports, Western Cape 


1. THE PROBLEM 


The false codling moth Thaumatotibia leucotreta (Meyrick) (Lepidoptera: 
Tortricidae) is a polyphagous indigenous pest of both cultivated crops and wild plants 
in sub-Saharan Africa. False codling moth was first noted in the Paarl region of the 
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Western Cape Province (South Africa) around 1969 (Hofmeyr et al. 2015). Although 
it attacks many different deciduous, subtropical, and tropical plants, it prefers citrus 
as one of its primary hosts. 

By the mid-1970s T. leucotreta was detected at a holiday resort, 170 km north of 
the Paarl region near Citrusdal, an important citrus exporting region in the Western 
Cape Province (Hofmeyr et al. 2015). By the end of the 1970s it had spread through 
some parts of the valley, with heavy infestations in navel orange orchards (Hofmeyr 
et al. 2015). 

The presence of this insect represents a high phytosanitary risk for South African 
fruit exports to the USA, Asia, and Europe. The economic threats imposed by the pest 
to the fruit growers and the industry of South Africa may also have severe socio- 
economic consequences for food and job security. The situation was exacerbated after 
T. leucotreta developed resistance against available registered insecticides and stricter 
regulations were imposed on exporters (Hofmeyr and Pringle 1998). This included a 
zero tolerance for 7. leucotreta and the requirement of a post-harvest cold treatment 
(Hofmeyr et al. 2016a, 2016b). 


2. PRE-OPERATIONAL ACTIVITIES 


Although the pest has been managed to some extent, by integrating control tactics 
such as insecticides, mating disruption, and orchard sanitation, a longer-term solution 
was needed. In 2002, research was conducted to develop an area-wide integrated pest 
management system (AW-IPM programme) with an SIT component (Hendrichs et al. 
2007; Klassen and Vreysen 2021). Citrus Research International (CRT) (Pty) Ltd, the 
Citrus Growers Association of South Africa (CGA), the Joint Food and Agriculture 
Organization of the United Nations/International Atomic Energy Agency Division 
(FAO/IAEA), the United States Department of Agriculture (USDA) through its 
Agricultural Research Service (ARS) and Centre for Plant Health Science and 
Technology (CPHST), joined resources and efforts to develop and test the efficacy of 
a SIT programme for T. leucotreta. 

During the first phase of research, the radiation biology and inherited sterility of 
T. leucotreta (Bloem et al. 2003) was investigated, which was followed by field cage 
trials to evaluate mating compatibility and competitiveness (Hofmeyr et al. 2005). 
The results of these biological studies on the effect of gender and irradiation dose on 
T. leucotreta are shown in Fig. 1. As expected, fertility of both male and female moths 
declined with increasing irradiation dose (Bloem et al. 2003). This dose effect was 
greater for crosses involving irradiated female moths, which were almost completely 
sterile when treated with a dose of 200 Gy, while irradiated males still had a residual 
fertility of 5.2% when treated with a dose of 350 Gy (Fig. 1) (Bloem et al. 2003). 
Similar to other Lepidoptera, 7. leucotreta exhibited inherited sterility when partially 
sterile male moths copulated with wild female counterparts (Carpenter et al. 2004). 
The resulting Fı progeny was shown to be fully sterile, mostly male, and took longer 
to develop (Bloem et al. 2003). Furthermore, the F; generation would either fail to 
hatch or would develop into sterile, but fully competitive F; adults, that would provide 
additional pest population suppression in the subsequent generation. 
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The promising results led to the next research phase in the Olifants River Valley, 
which involved a SIT pilot study in citrus orchards during the 2005-2006 season 
(Hofmeyr et al. 2015). This involved the release of sterile 7. leucotreta adults in a 
35-ha navel orange orchard, surrounded by natural vegetation, while another navel 
orchard was used as a control. 

Releases were performed over a 29-week period, with a total of 2000 sterile moths 
released per week. Thirteen delta traps evenly spaced over the orchards, equipped 
with synthetic pheromone (Cardiff Chemicals, Cardiff, UK) in Lorelei dispensers, 
were used. The goal was to create an overflooding ratio within the orchards and this 
was maintained at no less than 1 wild: 10 sterile moths per week (Hofmeyr et al. 2005; 
Hofmeyr et al. 2015). The encouraging results from this pilot study indicated a 77% 
decrease of wild 7. leucotreta trap catches and an approximate 95% reduction of 7. 
leucotreta related fruit infestations, compared to the non-SIT area. 


100 4 
80 y 
= 
$ 60 5 —e—TF x TM 
© 
r 40 - —s—TF x NM 
- m —4—NF x TM 

0 , 
0 50 100 150 200 250 300 350 
Dose (Gy) 


Figure 1. Effect of irradiation dose administered to T. leucotreta adults on the mean egg 
hatch (%) per mated female. Males and females were treated (T) with 50, 100, 150, 200, 250, 
300, and 350 Gy and inbred (TF x TM) or out-crossed (TF x NM, NF x TM) to untreated 
adults (N) (adapted from Bloem et al. 2003). 


The results of this 2005-2006 season pilot project in the Citrusdal region are shown 
in both Figs. 2 and 3. From the results obtained in this initial trial, the South African 
citrus industry was convinced to fast-track the commercial introduction of the SIT 
programme for T. leucotreta. 

As a result, in 2006, the private company Xsit (Pty) Ltd. was established to manage 
the production, sterilisation, and the release of sterile T. leucotreta in the Citrusdal 
region. New equipment was designed to upscale moth production and to replace the 
insufficient infrastructure being used for the small-scale rearing of T. leucotreta 
(Hofmeyr et al. 2015). The new mass-rearing facility became operational in early 
2007, and the release of irradiated moths commenced in November of that year. 
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Figure 2. Capture of released (irradiated and topically marked) and wild T. leucotreta males 
in SIT-treated and non-SIT-treated navel orange orchards as part of a SIT pilot project 
carried out in the Citrusdal region during the 2005-2006 season. A minimum ratio of 1:10 
wild:sterile moths were maintained throughout the pilot trial in the SIT-treated orchard 
(adapted from Hofmeyr et al. 2015). 
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Figure 3. Fruit drop due to T. leucotreta infestation in non-SIT and SIT-treated citrus 
orchards (35 ha) as part of a SIT pilot project carried out in the Citrusdal region, Western 
Cape Province, during the 2005-2006 season. 


3. THE FIRST DAYS OF THE SIT PROGRAMME, EXPANSIONS AND 
IMPROVEMENTS 


Since the commercialization of the AW-IPM programme with a SIT component in 
Citrusdal in 2007, many new systems and equipment have been designed, developed, 
and manufactured in a relatively short time. Production monitoring systems for 
traceability, cold chain management, and quality management of reared moths were 
developed and constantly improved. 
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From 2007 to 2018 the initial 1500 ha SIT-treated area in the Citrusdal region was 
gradually increased to 4800 ha by incorporating the rest of the Olifants River Valley. 
Sterile insect releases are also being carried out over 6500 and 2200 ha of the Sundays 
River and Gamtoos River valleys in the Eastern Cape Province, respectively. During 
the 2016-2017 season, the release of sterile T. leucotreta was also expanded to the 
lower Orange River area in the Northern Cape Province and the Hex River Valley of 
the Western Cape Province, the latter, an important table grape export region, treating 
1500 and 4000 ha respectively. At the time of writing (2018), this privately-owned 
programme was providing sterile insects on a weekly basis to cover more than 18 000 
ha. 

There was a progressive seasonal improvement in wild 7. leucotreta suppression 
following routine releases of sterile moths in all treated areas. The results showed a 
reduction in crop losses and fewer rejections of fruit consignments destined for 
exports due to 7. leucotreta presence. While this rapid growth of the programme was 
very exciting, it was accompanied by many challenges and hardships that sometimes 
threatened its existence. 


3.1. Rearing Equipment 


During the initial days of programme implementation, some of the old equipment and 
processes developed for the pilot trial were utilized in the commercial rearing 
programme. However, with the expansion of the programme, it became apparent that 
most of these systems were inadequate, and only suitable for small-scale rearing of 7. 
leucotreta (Hofmeyr et al. 2015). 


3.1.1. Larval Diet Preparation Equipment 

A new artificial diet (Moore 2002; Moore et al. 2014) was introduced for rearing 
purposes in 2007. The diet was prepared using large-scale equipment from the baking 
industry, and then pulsed into 500 ml glass jars fitted with breathable replaceable 
paper membranes, allowing for gas exchange, in the metallic screw-lids (Hofmeyr et 
al. 2015). The individual jars were placed by hand into stainless steel baskets, 
containing 25 rearing jars each. Baskets were then stacked on a steel trolley, holding 
up to 16 baskets before they were pulled into an oven. Although the oven was an 
innovative piece of equipment, it was not ideally suited, as evidenced by the uneven 
cooking of the diet, and lack of sterilisation. After baking two trolleys per oven cycle 
with 400 glass jars each, they were placed in a room for cooling. Each jar of diet was 
inoculated with approximately one thousand 24-h old eggs via placement of an egg 
sheet, sterilised by an 8% formaldehyde solution, on top of the diet (Hofmeyr et al. 
2015). 

As the programme expanded and diet preparation increased from 6000 to 20 000 
bottles a day, the handling and diet preparation processes had to be re-considered. 
Disadvantages of the jars included relatively high costs, susceptibility to breakage, 
and requirement for individual handling and cleaning after larvae emerged. In 2013, 
new technologies to prepare the diet were investigated. These included radiowave, 
microwave, infrared, steam, and extrusion. After completing the initial trials, only 
radiowaves, microwaves, and extrusion seemed potentially viable. 


98 N. BOERSMA 


Different cooking times and temperatures were tested to develop a cost-effective 
method for delivering a diet producing high larval yields without a negative impact 
on larval development. Although several parameters were tested, the following 
criteria were critical in validating the optimum cooking/sterilisation process: 

1. Proportion of large 5" instar larvae (0.04 g + 1 and >10 mm) produced. 

2. Feed conversion ratio, denoted by the amount of diet required to produce one 
large 5" instar larva. 

3. Absence of viral and bacterial infected larvae - denoted in the amount (g) of diet 
required to produce one healthy larva. 

To validate the correct process and cooking protocol (time vs. temperature), the 
number of large larvae (5" instar) produced was counted. It was evident that both the 
microwave and the extrusion processes resulted in the highest number of large larvae 
with the least feed (best feed conversion). The original Xsit diet required 0.35 g to 
rear one large larva, while both the microwave and the extrusion required only 
between 0.21 g and 0.22 g, respectively to rear one large larva. It was clear that the 
best results were obtained with the laboratory microwave and the extruder, where 
approximately 90% of the reared larvae reached 5" instar on day 12, while only 40% 
of the control diet reached 5" instar at the same time (Fig. 4). 
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Figure 4. Percentage of large larvae per diet preparation treatment. Results of the 
preliminary laboratory studies were confirmed in this laboratory trial. Microwave and 
extrusion samples resulted in the highest amount of 5" instar larvae on day 12. 


The next step was to test both processes in a commercial trial. In 2015, several 
experiments were conducted in a commercial microwave. These trials were repeated 
three times under different settings, but the positive results obtained with the 
laboratory microwave (1000 W) could not be replicated in the commercial 
microwave. After further investigation in obtaining a commercial microwave, the lack 
of support of the industry was evident, and it was decided to continue with the 


FALSE CODLING MOTH AW-IPM WITH AN SIT COMPONENT 99 


extrusion process. Commercial trials with different extruder processes and settings 
were tested until the end of 2016, when the correct settings and consistency of the diet 
were obtained, with proven results of growth and yield of larvae replicated on a semi- 
commercial scale; nearly 9096 of larvae had grown on the extruded diet, and reached 
5‘ instar on day 12, compared to only 40% on the Xsit diet. 

Xsit purchased its own extruder plant in July 2017. However, after the 
commissioning of the extruder, it was clear that the larval diet was not similar or even 
comparable to the product developed over the past four years. The extruded larval diet 
was sticky and could hardly be packed or handled, while larval growth was retarded, 
and yields were low. The larval diet produced was therefore, not fit for use. For six 
months, extensive trials were carried out, testing all variables, including raw product 
variability and extruder conditions. It was concluded that the main cause of the 
problem was (a) the dextrinisation and gelatinisation of the starch in the diet, and (b) 
the inconsistent granule size of the maize meal, which comprises 80% of the diet. 
During the extrusion process the starch granules swell when pressurised under high 
temperatures during cooking and drying, and then shrink as soon as the product cools 
down. In the event, when the diet is cooked at a too high temperature, the starch 
molecules lose the ability to swell, leading them to shear and burst. This will lead to 
the loss of the semi-crystalline structure of the starch, while the smaller amylose 
molecules leach from the granule to form new chemical structures which cannot be 
digested by the larvae. During cooling, the semi-crystalline structure recovers and, 
provided that the granules did not burst, will re-align to a similar position or structure 
prior to cooking. This phenomenon is known as retrogradation (Oates 1997; Wang et 
al. 2015). As the initial research was conducted in different stages, the diet was cooled 
prior to drying, while at the new commercial plant the extruded diet was immediately 
transferred to the oven for drying, leading to dextrinisation and gelatinisation of the 
starch. This assumption was confirmed during trials where the diet was allowed to 
cool before drying. As a final outcome, excellent results were obtained which were 
similar to those obtained in the research done over the previous four years. An 
additional cooling unit was introduced after extrusion, before drying. 


3.1.2. Rearing Containers 

During the original rearing of the larvae in glass jars, the screw lids and membranes 
were removed when larvae reached 5" instar. The jars were placed on their sides to 
assist larval exit. An integrated aperture below each basket held the pupation substrate, 
which is a square of polycarbonate honeycomb material, 570 mm x 530 mm x 11 mm 
with 6 mm diameter aperture, placed on a 570 mm x 530 mm x 3 mm fibre sheet. 

In 2012, the whole false codling moth colony suffered from a severe bacterial 
infection in the facility. After an intense investigation it appeared that miniscule holes 
between the honeycomb cells became breeding sites for Bacillus cereus, Gram- 
negative opportunistic bacteria that undermine the immune system of the larvae, 
killing them in a matter of days. In response, the polycarbonate sheets were replaced 
with disposable, pre-manufactured sheets of corrugated, single-face cardboard. 
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In parallel with the development of the new diet preparation system described 
above, a replacement of the glass jars was pursued. Several types of containers were 
investigated, including paper bags, starch bags, polyethylene cups, and disposable 
polyethylene bags. The most significant challenge was to find a similar membrane to 
the one used in the jars. The new extruded diet was more prone to drying out, but one 
had to keep in mind that the regulation and exchange of gasses were critical. A 
material with these specific properties, while preserving moisture, had to be found. 

In 2016, disposable polyethylene bags (280 mm x 160 mm), with a breathable 
polyethylene-based microporous membrane, were introduced. These were 
automatically filled by a diet dispensing machine. A volume of water equal to 47% of 
the total volume of the dry mix was added to form a fluffy diet, while 250 g of larval 
diet was required to produce at least 550 larvae per unit. The bags were consequently 
phased in to replace the glass jars. Egg sheets containing 800+ 100 T. leucotreta eggs, 
dipped in an 8% formaldehyde solution to prevent contamination by any bacteria 
and/or virus, were then placed on the diet and sealed. The bags were then assembled 
on a rearing cart containing 480 bags. When ready for pupation, usually on day 12 of 
the rearing cycle, the larvae chew their way out of the bags and descend on silk threads 
to the cardboard pupation substrate, placed 30 mm below the bags. 

After the implementation of this new system, significant production losses were 
experienced due to larvae dying in the bags before reaching the 5" instar. Upon 
investigation it was determined that the HVAC system was not capable of handling 
the large volume of CO» generated by the large number of larvae reared per m?. 
Consequently, a new HVAC system with increased capacity and higher air change 
rate was designed and installed by the end of the 2016-2017 season to ensure 
sustainable production of sterile insects on a continuous basis. 


3.1.3. Moth Emergence Cabinets 

The pupation boards were placed into custom designed steel emergence cabinets to 
permit moth emergence and collection. Each cabinet, 1550 mm x 630 mm x 940 mm, 
was welded on a 900 mm supporting framework (Fig. 5). The cabinets were divided 
longitudinally with a perforated stainless-steel sheet separating two compartments: a 
back compartment, 740 mm deep with an access door, containing 50 horizontally 
placed pupation sheets, and a front compartment, 200 mm deep with a glass door to 
the outside, allowing moths to move phototactically from the back into the front 
compartment (Boersma and Carpenter 2016). The front compartment was lightly 
dusted with talcum powder and was fitted with a collection cone at the bottom, 
attached to a plenum-based air-braking moth collection system. 

Establishing the correct speed of the airstream that transferred the moths from the 
moth cabinet to the collection room was challenging, as too high airflow resulted in 
damaged moths, while too low airflow caused clogging of moths. This was resolved 
by adjusting the airspeed to 12 m/s for transferring moths to the collection pans, while 
reducing the airstream to 3 m/s as they enter the collection room, allowing for a soft 
landing (Hofmeyr and Pretorius 2010). 
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Scaling up the release area from 3300 ha to more than 18 000 ha induced a lot of 
pressure on these emergence cabinets, resulting in problems with temperature 
consistency, clogging of moths due to overcrowding, and production losses due to 
moths escaping from these old cabinets and equipment. In 2015 cabinets were re- 
designed, allowing for better airflow by making the following improvements: 

1) the steel sheets of the cabinets were folded rather than welded for better 
durability; 

2) extra space was provided at the back to allow increased airflow between pupation 
boards, resulting in fewer temperature spikes; 

3) use of rubber sealed Perspex doors for better sealing. 


Figure 5. Moth emergence cabinets. 


In the moth collection pans adult moths need to be kept immobile. This is a critical 
procedure to prevent mating in the collection pans as well as the prevention of damage 
to adult moth's wings. Mated adults or those with damaged wings may have a negative 
effect on their field performance. However, no set or established temperature range 
were used during the moth collection, handling, and transport. This led to moths being 
exposed to temperatures below their critical thermal limits (below 6°C), resulting in 
poor field recaptures in the warmer months of the season (Boersma and Carpenter 
2016; Boersma et al. 2017). 

In 2015, new cooling and handling protocols were introduced with a cold chain 
with a set temperature range from the moth cabinets to the orchard to ensure moths 
were kept between 6-10°C, which resulted in better quality and recapture of sterile 
moths in the field. 
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3.2. Sterilisation Dose 


As soon as the moths reached a required temperature of 10°C in the collection 
pans, they were placed into cardboard boxes (140 mm x 140 mm x 50 mm) and 
irradiated with a dose of 150 Gy (Bloem et al. 2003) in a 20 kCi Co source panoramic 
irradiator. During the 2017-2018 season, the irradiation dose was increased to 200 Gy 
to compensate for an apparent reduced sterilisation effect of the 150 Gy dose with 
reduced dose-rate of the cobalt source. Although the strength of the cobalt source has 
weakened, and moth exposure time adjusted accordingly, the reason for this decrease 
in radiation impact is not known and is currently being investigated. 


3.3. Release Methods and Devices 


The irradiated moths are stored in a holding room between 6-8?C for approximately 
12-24 h, and then transported to orchards or an airfield in a refrigerated vehicle at the 
same, regulated temperature range. 

From 2007 to 2010, sterile moths were released with all-terrain vehicles (ATVs) 
or “quad bikes", manned by a driver and an assistant responsible for releasing the 
moths by hand into the trees (Hofmeyr et al. 2015). Later the ATVs were equipped 
with a release box with a release auger. Although this release method was relatively 
inexpensive, it had a few disadvantages: 

1. Human factor: releasing an accurate and constant number of moths in orchards 
was not possible. 

2. The terrain where some of the orchards are located is rough, making driving 
while releasing an equal number of sterile moths difficult, leading to inadequate moth 
distribution. 

3. Access to farms was sometimes difficult. 

4. Logistical constraints: covering releases twice a week in a valley which 
stretches more than 100 km in its length and 60 km in its width became a logistical 
constraint; this led to an increasing cost of maintaining the ATV's and preventing 
breakdowns with a constant challenge of completing the releases in time, versus 
maintaining the quality of the product. 

Since 2010, releases of the moths have progressed from ground releases with 
ATVs to aerial releases using gyrocopters, and later to fixed-wing aircrafts. Moth 
releases with fixed-wing Piper Pawnee aircrafts commenced at the end of 2015 but 
were gradually replaced by helicopters in 2017. 

In 2010, Xsit outsourced the releases to a company that used gyrocopters. The 
release system and holding boxes (hopper) of the sterile moths were slightly modified, 
and fitted to the gyrocopter, making aerial releases possible. The results obtained were 
excellent. The recapture rate of the sterile moths increased, while the wild false codling 
moth population decreased to the lowest levels since the start of the Xsit programme. 
Unfortunately, after the tragic loss of two pilots, in two separate incidents, the 
gyrocopters were grounded by the South African Civil Aviation Authority, and releases 
had to be continued using fixed-wing aircraft. Although the results obtained from the 
fixed-wing aircraft were comparable to the gyrocopter in certain areas, it had a few 
disadvantages: 
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1. The minimum speed the aircraft flew were significantly higher than the 
gyrocopters (160 km/h vs. 100 km/h), resulting in poorer recaptures. 

2. The minimum height the aircraft flew were higher than the gyrocopter (160 feet 
vs. 100 feet), leading to poorer recaptures. 

3. Flying in small valleys and mountainous areas were impossible, adding to 
logistical constrains by filling gaps with ground releases. 

4. Quality degradation due to the prop wash of the aircraft (the force of wind 
generated behind a propeller) causing moths to be blown into a swirl. 

Starting the 2017-2018 season, fixed-wing releases were gradually phased out and 
replaced with small helicopters (R22) to simulate the conditions of gyrocopter releases. 
This increased efficiency and resulted in sustainable results, contributing to an even 
greater suppression of wild false codling moth over the past two seasons. Currently the 
possibility of releasing the sterile insects by unmanned aerial vehicles is being 
investigated, with the first experimental releases occurring in early 2018. Current 
aviation legislation in South Africa, in conjunction with costs, still make this venture 
impossible on a commercial scale. 


4. THE RESULTS AND IMPACT 


The SIT programme for T. leucotreta is governed by phytosanitary requirements, 
demanding a zero-tolerance level of pest incidence in fruit. The SIT programme is 
one component of an area-wide approach integrating multiple tactics to mitigate the 
threat posed by the 7. leucotreta. This includes obligatory orchard sanitation by 
growers, with various alternative control measures. 

The frequency of sterile male releases varies for each insect species and depends 
mainly on the survival of the sterile insects in the target area. The ability of sterile 
insects to survive and remain sexually active as long as possible in the field is 
essential, and if their longevity declines, the frequency of releases needs to be 
increased to ensure optimal overflooding ratios at all times (Dowell et al. 2021). The 
success of the sterile 7. leucotreta release programme is very much determined by the 
ability to ensure the release of pre-determined numbers of sterile moths into the 
orchards that will guarantee a minimum sterile:wild male overflooding ratio of 10:1 
(as assessed by trap catches). 

In the warmer months, sterile 7. leucotreta has a shortened life span, therefore 
requiring two releases of 1000 sterile adults per week. These double releases take 
place between November to April, while only one release of 2000 sterile adults per 
week takes place in the cooler months (September to October, and May to June), when 
the longevity of the moths increases. If the desired overflooding ratio is not achieved, 
supplementary releases of sterile moths are conducted. Maintaining a continuous 
optimal overflooding ratio maximises the probability that a wild moth will mate with 
a sterile moth in the field, thereby resulting in no viable or fertile offspring and an 
eventual population decline (Carpenter et al. 2004; Hofmeyr et al. 2015). 
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Once the wild population has been reduced to such a level that no wild moths are 
captured on a consistent basis, the release of sterile moths can become the main or 
sole control method, as is currently the case in numerous citrus orchards in various 
valleys. Furthermore, the pre- and post-harvest absence of 7. leucotreta infested fruit, 
are additional indicators of programme success. 

In recent years, the success ofthe SIT programme is evident by a marked reduction 
of the wild 7. leucotreta populations, in some areas below economic thresholds. The 
released and wild populations are monitored at weekly intervals, using delta traps 
baited with the female sex pheromone to attract male moths. Sterile males are 
differentiated from their wild counterparts by their pink intestines caused by a food 
dye that is mixed with the larval diet (Hofmeyr et al. 2015). 

Commercial results for the three main growing areas currently serviced by the 
programme, one in the Western Cape, and two in the Eastern Cape, are encouraging. 
Despite many challenges, the SIT has proven to be a sustainable approach to reduce 
the occurrence of wild 7. leucotreta to well below economic thresholds (results from 
the recently incorporated Hex River Valley in the Western Cape, and the lower 
Orange River Valley in the Northern Cape will not be reported here). 


4.1. Olifants River Valley, Western Cape 


The positive achievements of the area-wide programme were evidenced by the 
progressive increase in the numbers of sterile male 7. leucotreta moths trapped from 
2007 to 2010 (Hofmeyr et al. 2015). In addition, trap catches of wild male adults 
declined from 13.0 moths per trap per week prior to the sterile moth releases in 2006, 
to 2.0, 0.4, and 0.1 moths per trap per week in 2012, 2013, and 2014, respectively. In 
addition, infestation of T. leucotreta in citrus fruit was reduced from 2.696 in the 2010- 
2011 season to 0.1% in 2013 (Barnes et al. 2015; Hofmeyr et al. 2015). 

During the 2006-2007 season, ie. before the start of the area-wide SIT 
programme, each tree had on average 30 fruit damaged by larvae of the false codling 
moth. As the SIT programme advanced, and the ratio of sterile to wild adult 7. 
leucotreta increased, the average infestation rate declined to only 0.2 damaged citrus 
fruits per tree per season. The Perishable Products Export Control Board of South 
Africa reported a substantial reduction of pre-harvest crop losses (Hofmeyr et al. 
2015). 

Despite this initial success, the number of trapped wild 7. leucotreta males 
increased during the 2010-2011 season, as did crop damage, to an average of 1.56 
infested fruits per tree (Fig. 6). However, this was still 95% lower than the damage 
level before the release programme started. Higher than normal ambient temperatures 
experienced during the spring and summer of 2010-2011 were attributed as the cause 
of the increased wild male captures. This resulted in at least one additional generation, 
leading to more pressure on the SIT programme resulting in the increased fruit 
damage. 
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Despite this temporary upsurge in wild male catches, the suppression of the wild 
T. leucotreta population in the SIT-treated areas was restored and progressively 
improved from 1.5 moths per trap per week in the 2010-2011 season to 0.1 moths per 
trap per week in the 2015-2016 season (Fig. 6). The gyrocopter accidents coupled 
with production issues during the 2016-17 season resulted in a slight increase of 
average wild male catches from 0.3 and 0.4 males per trap per week. This, however, 
did not result in an increase in fruit infestation. This could be explained by the 
increased rearing efficiency, resulting in the release of better-quality moths, and the 
fact that the wild population of 7. leucotreta was so low that sterile released adults 
were more effective, outcompeting the low numbers ofthe wild population (Hofmeyr 
et al. 2015). 


Average no. of FCM males per trap/week 
Average no. of infested fruit/tree/week 


2007/08 2008/09 2009/10 2010/11 2011/12 2012/13 2013/14 2014/15 2015/16 2016/17 2017/18 
Season 
El Captured males O Infested fruit 


Figure 6. Reduction in numbers of wild T. leucotreta males and infested fruit in sterile insect 
release areas in the Olifants River Valley, Western Cape Province from 2007-2008 to 2017- 
2018 seasons (data obtained from Xsit). 


4.2. Sundays River Valley, Eastern Cape 


Sterile moth releases were initiated in the Sundays River Valley in 2011-2012, and 
since then the density of the wild 7. leucotreta population has progressively declined 
with successive seasons, resulting in less infested fruit (Fig. 7). There was, however, 
an increase in the average number of trapped wild males in 2013-2014, but this was 
due to areas with historically high population densities being added to the SIT 
programme. 

A similar trend of higher wild trap catches was seen in the Sundays River Valley 
in 2016-2017 due to challenges experienced in the mass-rearing facility. During the 
2017-2018 season wild false codling moth catches decreased to only 1 wild male per 
trap and 0.02 infested fruit per tree respectively, the lowest since the start of the SIT 
programme. 
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Average no. of FCM males per trap/week 
Average no. of infested fruit/tree/week 


2011/12 2012/13 2013/14 2014/15 2015/16 2016/17 2017/18 
Season 


Bl Captured males O Infested fruit 


Figure 7. Reduction in numbers of wild T. leucotreta males and infested fruit in the Sundays 
River Valley, Eastern Cape Province from 2011-2012 to 2017-2018, as a result of sterile 
insect releases (data obtained from Xsit). 


4.3. Gamtoos River Valley, Eastern Cape 


The natural population of 7. leucotreta was much lower in the Gamtoos Valley as 
compared to the other areas, causing much less crop damage. This was evidenced by 
much lower trap catches of wild males during the first season of sterile moth releases 
in comparison to the other areas. As a result, the SIT programme was able to reduce 
the wild moth population density and the number of infested fruits within the first 
release season (2014-2015). 

In the following season, wild males were suppressed to such a low level that 
basically no infested fruit were recorded for the entire season, while a slight increase 
was recorded in the 2016-2017 season for the same reasons mentioned above 
(challenges at the rearing facility) (Fig. 8). 


5. THE REASONS FOR SUCCESS 


This AW-IPM programme with a sterile male release component against the 7. 
leucotreta has had a significant impact on the citrus industry in South Africa; securing 
exports to the rest of the world in a sustainable manner. The success of the programme 
can be attributed to the following factors: 

1. Single crop industry: The citrus trade, unlike other fruit sectors such as the 
deciduous fruit industry, is a single crop industry led by the Citrus Growers 
Association. This results in easier decision-making, management, and funding, since 
all stakeholders have the same vision. This played a significant role in the success of 
the programme as it was an industry-driven project to secure sustainable citrus exports 
for the growers. 
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Average no. of FCM males per trap/week 
Average no. of infested fruit/tree/week 


2014/15 2015/16 2016/17 2017/8 
Season 


El Captured males O Infested fruit 


Figure 8. Reduction in numbers of wild T. leucotreta males and infested fruit in the Gamtoos 
River Valley, Eastern Cape Province from 2014-2015 to 2017-2018 seasons, as a result of 
sterile insect releases (data obtained from Xsit). 


2. Area-wide integration of suppression methods: The SIT programme was 
managed as part of an area-wide programme. Xsit did not only take responsibility of 
both the monitoring of wild 7. leucotreta and infestation, but also played a significant 
role in the monitoring of sanitation practises and the treatment of hot spots (an area 
with a high wild 7. leucotreta population), in conjunction with other integrated pest 
control practises. 

3. Management to ensure sustainable sterile moth production: Well-experienced 
and capable management was in place which ensured sustainable production of sterile 
insects, while the shareholders of the programme were also industry-related 
individuals, which ensured that the interests of the programme were always well- 
managed. 

4. Support of farmers and industry: Most farmers were in favour of the 
programme, understanding the advantages of the AW-IPM approach. However, 
education and training were provided throughout the programme to ensure farmers 
were kept informed about industry-related matters. 

5. Phytosanitary regulations: Since T. leucotreta is a regulated quarantine pest, 
governed by phytosanitary regulations in line with a systems approach (FAO 2017) 
for the controlling of the pest for export purposes, a zero-tolerance policy is enforced. 
Although there are several choices of control measures for T. leucotreta under the 
systems approach, it encouraged farmers to take part in the SIT programme if they 
wanted to export their fruit. 

6. In-house research: Xsit employed its own researchers, constantly exploring 
better means of rearing, processing, and releasing insects, staying informed of the 
newest technology. 
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7. Set protocols and procedures: The use of standard protocols and procedures 
combined with continuous training of employees are essential for the efficient rearing 
of insects. The correct handling and distribution of insects are also essential to ensure 
good quality of insects in the field. Maintaining a cold chain proved essential to 
prevent damage to the sterile insects during transport, while the proper handling 
temperature has to be selected as this affects the competitiveness of the adults in the 
field (Boersma and Carpenter 2016). 


6. FUTURE PLANS 


The need for AW-IPM programmes with a SIT component to manage 7. leucotreta in 
other countries where this pest is present, has become more apparent. Export crops 
such as avocados in Angola, and chilies in Kenya may also require the use of a SIT- 
based AW-IPM in the future to deal with this polyphagous pest. 

Meanwhile, many export crops in South Africa, such as table grapes, stone fruits, 
and citrus grown in other regions are anticipating the introduction of the SIT. Xsit 
currently services 14 000 ha of the 70 000 ha of citrus in South Africa, while 4000 ha 
of table grapes are already enrolled in the programme. This indicates that there is 
scope for integration and expansion of this valuable technology to production areas 
not yet under this area-wide pest control method. 

The potential of 7. leucotreta becoming a major invasive pest in different countries 
globally is a reality, representing a threat to agriculture and food security. With the 
SIT now developed for this pest, if invasive false codling moth outbreaks are detected 
early, efficient integration of the SIT on an area-wide basis will allow eliminating 
them in an effective and environment-friendly way. 
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SUMMARY 


The Okanagan-Kootenay Sterile Insect Release (OKSIR) programme, in southern British Columbia, 
Canada, has been successfully applying the Sterile Insect Technique (SIT) as part of a sustainable area- 
wide integrated pest management (AW-IPM) programme to control the codling moth Cydia pomonella L. 
in pome fruits in the region for over 20 years. Chemical, cultural and biological techniques that complement 
the SIT are also integrated into orchard and regional pest management plans by the programme and/or 
individual growers. The AW-IPM programme is supported by close monitoring of codling moth 
populations in orchards and adjacent urban properties; enforcing suppression of codling moth infestations 
in orchards and urban areas; removing derelict orchards, wild host trees and poorly managed host trees; and 
increasing public awareness and education. Successful collaboration between the OKSIR programme, the 
pome fruit industry, area residents and various government organizations has reduced codling moth 
populations by 94%, relative to pre-programme levels, and codling moth damage to less than 0.2% of fruit, 
in more than 90% of the orchards in the programme area. Local pesticide sales indicate a 96% reduction in 
the amount of active ingredient used against the codling moth since 1991. Implementing the SIT through 
an innovative social approach to local community-centred area-wide pest management has posed many 
challenges and created many learning opportunities. The codling moth mass-rearing facility in Osoyoos, 
British Columbia, has the capacity to produce 780 million sterile codling moths annually, but only a portion 
of that is used seasonally to treat 3400 hectares (ha) of pome fruit made up of small orchards intermixed 
with residential areas in the Okanagan Valley. As a result of climate change and increasing global trade, 
destructive insect pests are migrating to new habitats throughout the world. These new threats must be 
managed in ways that protect both the agrifood industries and the natural environments in which the 
industries operate. The OKSIR programme is an effective and easily transferred model to meet these 
challenges, especially as a supplement to other biological control methods. The programme is also a 
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compelling model of success that can encourage other regions to use the SIT in their pest management 
toolbox to combat codling moth infestations across multiple local community jurisdictions using 
environment-friendly, cost-effective methods based on proven technology. The OKSIR programme is 
exploring the sale of surplus sterile moths, egg sheets or possible virus production as an opportunity to 
offset costs of incorporating additional area-wide approaches to combat other invasive pests. 


Key Words: beneficial insects, biological control, virus, pheromone-mediated, mating disruption, pesticide 
resistance, area-wide integrated pest management, IPM, SIT, Cydia pomonella, British Columbia 


1. INTRODUCTION 


The codling moth Cydia pomonella L., the proverbial “worm in the apple", damages 
pome fruit directly, and is a key pest of this crop in most of the areas where it is 
cultivated (Beers et al. 2003). If left uncontrolled, the codling moth can damage 50 to 
90% of an apple crop (Ontario Ministry of Agriculture, Food and Rural Affairs 2011). 
Though the codling moth originated in Asia Minor, it arrived in the Okanagan region 
in the early 1900s, making it a pest for nearly as long as apples have been produced 
commercially in the area (Bloem et al. 2007). The Okanagan region in southern British 
Columbia, the western-most province of Canada (Fig. 1), is unique in Canada because 
of its dry, sunny climate (hot, dry summers and mild winters). Tree fruit production 
has been a hallmark of the region for over 100 years. 

In this region, and most other areas where pome fruits are produced, broad- 
spectrum insecticides were previously used heavily to control codling moth 
populations (Madsen and Morgan 1970). Codling moth populations in many areas had 
started developing resistance to some classes of insecticides, and concerns over 
development of cross-resistance were mounting (Dunley and Welter 2000). The use 
of broad-spectrum insecticides also had indirect costs related to the loss of natural 
enemies and pollinators; it was a source of environmental contamination, and 
consumers were concerned over insecticide residues on food (Vreysen et al. 2010). 
For these reasons, negative public attitudes towards the use of pesticides stimulated 
support for codling moth control strategies that did not rely on synthetic pesticides 
(Madsen and Morgan 1970). 

Twenty years of research and planning culminated in the early 1990s with the 
implementation of the Okanagan-Kootenay Sterile Insect Release (OKSIR) 
programme (Dyck et al. 1993). Though the programme was initially more expensive 
than a conventional insecticide programme, a number of factors contributed to its 
adoption in the region. Restrictions on pesticide use, particularly those most effective 
at controlling the codling moth, were increasing. Concern for the impacts of 
insecticides on beneficial insects, the environment, and surrounding communities was 
mounting. Finally, reducing pesticides and codling moth populations created 
marketing advantages for local pome-fruit growers. In weighing these costs and 
benefits, and taking a long-term view of their implications, the programme was 
deemed to have a net benefit to the industry and community (Holm 1985, 1986; Jeck 
and Hansen 1987) and was therefore initiated in 1991. 
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2. THE STERILE INSECT TECHNIQUE 


The concept of the Sterile Insect Technique (SIT) for insect control was conceived by 
E. F. Knipling in the 1930s, and first developed and applied in the 1950s to 
successfully control the New World screwworm Cochliomyia hominivorax Coquerel 
(Klassen et al. 2021). The SIT is a biological insect control method in which insects 
are mass-reared, irradiated to make them sterile, and then released into the 
environment at regular intervals to mate with wild insects. Wild female insects that 
mate with the sterilized male insects produce no offspring, thereby reducing the 
number of insects in the next generation. Continued use of the SIT at appropriate 
overflooding ratios thus leads to successively smaller generations, and can, if applied 
correctly on an area-wide basis, result in an area of low pest prevalence or even 
eradication of the population in that area (Dyck et al. 2021). 

Since the 1950s, the SIT has been successfully used around the world to suppress, 
prevent, contain or eradicate many dipteran insect populations such as the New World 
screwworm, several tsetse flies Glossina spp., and fruit flies such as the melon fly 
Zeugodacus cucurbitae Coquillet, Mediterranean fruit fly Ceratitis capitata 
Wiedemann and Mexican fruit fly Anastrepha ludens Loew (Dyck et al. 2021). 

The SIT has also been applied with success against various lepidopteran pests such 
as the cactus moth Cactoblastis cactorum Berg, the painted apple moth Orgyia 
anartoides Walker, the false codling moth Thaumatotibia leucotreta Meyrick, and the 
pink bollworm Pectinophora gossypiella Saunders (Carpenter et al. 2007; Suckling et 
al. 2007; Dyck et al. 2021; Bello et al., this volume; Boersma, this volume; Staten and 
Walters, this volume). 


3. OKANAGAN-KOOTENAY STERILE INSECT RELEASE PROGRAMME 


At the inception ofthe OKSIR programme, other non-insecticide-based insect control 
methods, such as pheromone-mediated mating disruption, were considered in order to 
reduce codling moth populations in southern British Columbia (Judd et al. 1996). Due 
to the heterogeneous landscape of orchard and residential areas in most of the region 
(creating a non-contiguous orchard area (Cardé 2007; Witzgall et al. 2008)), the SIT 
was considered a more suitable solution to manage the codling moth. The OKSIR 
programme was initially conceived in 1991 as an eradication programme, and was 
based on research conducted by Proverbs and colleagues in the 1970s and 1980s 
(Proverbs et al. 1978, 1982). 

The mandate and objectives changed in 1997 when the goal became suppression 
of the codling moth below economic levels through delivery of an efficient, effective 
and sustainable AW-IPM programme using the SIT as the main control tool. It was 
concluded that permanent area-wide suppression rather than eradication was a more 
realistic goal because of the large programme area, the limited human and financial 
resources available, and because an expensive quarantine programme that would be 
necessary during and after eradication for which the Federal Government of Canada, 
which regulates quarantines, had no plans (Bloem et al. 2007). 
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A community-based, AW-IPM approach was essential to reduce costs and 
increase the effectiveness of the programme. Area-wide measures applied over a 
geographically- or politically-defined area enable control of an entire pest population, 
a prerequisite to sustainable pest management. Insects do not respect property 
boundaries, and a field-by-field approach that focusses narrowly on the value loss to 
individual crops cannot successfully control pest populations because unmanaged 
cultivated and wild host trees on neighbouring public, private or abandoned land are 
recurrent sources of reinfestation (Hendrichs et al. 2007). 

An AW approach requires a strong partnership among all stakeholders to succeed. 
For OKSIR, a partnership was therefore developed between the region’s local 
governments and the tree-fruit industry. The Province of British Columbia enacted 
legislation establishing a mandatory community-based, AW-IPM programme 
(Municipalities Enabling and Validating Act [RSBC 1960] 1989) that required all 
property owners, including both residential and commercial host-tree owners, to 
control codling moth infestations and participate in local funding of the programme. 

Researchers at Agriculture Canada, local governments and growers selected the 
SIT to reduce the use of insecticides because of concerns about excessive pesticides 
in the environment, an attempt to delay insecticide resistance, and to support 
agritourism opportunities in the area. This collective action, i.e. action taken jointly 
by the stakeholders in pursuit of their perceived shared interests, made it possible to 
deliver results in a much larger geographic scale than could be provided or protected 
by a single farmer (Lefebvre et al. 2015b). 


3.1. Programme Area 


The programme area covers approximately 600 km?, and at its onset serviced 
approximately 8 900 ha (22 000 acres) of pome fruit; the surface of pome fruit within 
this area was gradually reduced to 3 440 ha (at the time of writing). The large area to 
be serviced, and the need for pre-release sanitation (discussed below), required the 
programme to be implemented sequentially across three zones (Fig. 1). Pre-release 
sanitation and construction of the rearing facility began in zone 1 in 1992 followed by 
moth release in 1994. Pre-release sanitation started in 1998 and 2000 in zones 2 and 
3, respectively, with moth release occurring after two years of sanitation efforts. 


3.2. Rearing Facility 


Atthe heart of the OKSIR programme is a state-of-the art insect mass-rearing facility. 
Construction of the facility located in Osoyoos, British Columbia was completed in 
1993. The facility is capable of producing more than 2 million sterilized moths per 
day or 780 million sterile codling moths annually. Maintenance and operational costs, 
as well as capital upgrades, are funded by local property tax requisitions. 
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3.3. Programme Services 


The OKSIR programme services include pre-release sanitation, mandatory SIT 
application, surveillance, enforcement and education: 


Figure 1. Location of the OKSIR programme. The map of Canada (right) indicates where the 
OKSIR Programme is located in British Columbia, and the inset (left) illustrates how the 
programme area, covering a linear distance of ca. 175 km, was divided into three zones. 


3.3.1. Pre-Release Sanitation 

The first phase ofthe programme was pre-release sanitation. This entailed the removal 
of thousands of unmanaged/abandoned host trees to reduce refugia for the codling 
moth. The programme also coordinated and supported the suppression of codling 
moth populations in orchards through the use of conventional insecticides, cultural 
practices and pheromone-mediated mating disruption. Wild codling moth populations 
had to be reduced as much as possible throughout all communities to increase the 
efficiency of subsequent SIT application. The programme continues to remove 
unmanaged/abandoned host trees and derelict orchards as needed. 


3.3.2. Mandatory SIT Application 

The programme delivers a mandatory area-wide control application of sterile codling 
moths to every orchard property, i.e. 2000 sterile codling moths of mixed sex 
(1:1)/ha/week for approximately 20 weeks per season. As necessary and practical, 
additional releases are made to address high pest pressure “hot spots.” 


3.3.3. Surveillance 

Every orchard property is monitored with pheromone-baited traps (1 trap/ha) that are 
checked once a week. These spatially explicit trapping data are disseminated in real- 
time through the programme's website to allow growers to respond rapidly with 
supplementary controls if needed (OKSIR 2017). 
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Other monitoring techniques include: in-season fruit inspections, end-of-season 
assessment of fruit damage, and banding of host trees (corrugated cardboard strips 
wrapped around trees to trap mature larvae; later the strips are removed and 
destroyed). Codling moth host trees are also monitored on non-orchard properties 
(properties with less than 20 host trees) by visual fruit inspections and banding. It is 
important to recognize that the monitoring of non-orchard properties is focussed on a 
200-m buffer zone around commercial orchards, though other properties are visited 
as needed. 


3.3.4. Enforcement 

Codling moth control is enforced throughout the programme area. The programme 
has the legal authority to enter orchards and residential properties to inspect for 
codling moth infestation and issue control orders for fruit stripping and tree removal. 
Dedicated enforcement ensures that all host-tree owners do their part to prevent 
outbreaks and ensure proper management of the codling moth. 


3.3.5. Education 

Education is essential to reduce enforcement actions as much as possible. Extensive 
education and outreach about the programme and codling moth control is done each 
season with growers and residential tree owners in the region. This is critical, 
especially during the first stages of programme implementation. Outreach occurs via 
media advertising, publications, newsletter articles, the programme website, field 
visits and public meetings. 

An information technology specialist maintains the website that provides real-time 
trapping and phenological data to growers. The growers themselves become sources 
of positive promotion once they are convinced of the benefits that the OKSIR 
programme is bringing to their economies and the environment (Bloem et al. 2007). 


3.4. Governance, Funding and Budget 


The OKSIR programme is governed by a Board of Directors, comprising five elected 
community representatives from each of the four regional municipal governments 
within the programme's service area, and three grower representatives nominated by 
the pome fruit industry. 

The programme has a central administration and is funded through local taxation. 
All properties in the region pay a tax based on assessed land value. Currently, the 
average residential property pays ca. CAD 11/year (USD 9/year), and growers pay a 
parcel tax of ca. CAD 340/ha. Overall, the programme obtains 60% of its funding 
from local property owners in the community and 40% from commercial growers. 
The percentage share of the funding allocation has been arbitrarily determined based 
on political will. The annual programme budget is ca. CAD 3.2 million. In 2016, CAD 
1.7 million was collected from general taxpayers via land value tax and CAD 1.16 
million from growers (approximately 3440 ha) via parcel tax (cost/ha). The 
programme received an additional ca. CAD 350 000 from the sale of excess products, 
interest income and grants. 
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Of the total operating budget in 2016, CAD 1.1 million was used for field 
operations, CAD 1.1 million to operate the mass-rearing facility, and CAD 681 000 
to cover administrative costs. The programme services are delivered by 16 full-time 
staff and up to 75 seasonal staff working in the field and mass-rearing facility. From 
2010 to 2017, the programme operated without increase in either land value or parcel 
taxes. 


4. SUCCESS OF THE OKSIR PROGRAMME OVER 20 YEARS 


Over the more than 20 years that the OKSIR programme has been operating, it has 
achieved sustained codling moth suppression (Fig. 2). Overall, there was a 94% 
reduction in codling moth population, relative to pre-programme levels in the OKSIR 
programme area as measured by pheromone traps (Fig. 2). 

It must be noted that in zones 2 and 3, on recommendation of an operational 
advisory committee, the OKSIR programme piloted zone-wide use of pheromone- 
mediated mating disruption in commercial orchards as an alternative to the SIT from 
2011-2014. Pheromone trap captures during these years are not directly comparable 
to other years or zone 1 during these years because a different trapping system was 
used. For economic and other reasons, in 2015 the OKSIR programme returned to 
using the SIT in commercial orchards across the entire programme area (Cartier 
2014). Since 2000, and in all zones, mean codling moth trap captures remain well 
below the recommended treatment threshold of two codling moths per trap per week 
for two consecutive weeks (Vakenti 1972) (Fig. 2). 
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Figure 2. Mean wild codling moth captures per trap per week from 1995 to 2017 for each 
zone managed by the OKSIR programme in zone 1 (from 1995), in zone 2 ( from 1998), and in 
zone 3 (from 1999), averaged over each fruit-growing season. The dashed line indicates the 
recommended threshold (two codling moths per trap/week for two consecutive weeks) at 
which insecticide controls supplementary to the SIT would be required. 
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In zone 1, codling moth fruit damage was effectively suppressed after 
approximately five years, and has remained that way in more than 90% of orchards 
(Fig. 3). 

Codling moth suppression followed similar trends in zones 2 and 3, except that 
population suppression occurred at a slower rate (Figs. 2 and 3). It 1s difficult to 
pinpoint exactly why this was the case, and no single factor alone was likely 
responsible for this result. Reasons for slower population decline include: 

e Larger urban centres in zones 2 and 3 with more infested backyard trees acting as 
refugia for codling moths. 

e Pheromone-mediated mating disruption that was used extensively in zones 2 and 
3 during the pre-release sanitation phase, may have been less effective than the 
extensive initial application of organophosphate insecticides for suppression in 
zone 1. 

e The increased service area created greater demand on the programme's limited 
expert knowledge and human resources. 

e The organic fruit producers reside predominantly in zone 1, meaning there may 
have been less grower buy-in or more scepticism in zones 2 and 3. 

Ultimately, by 2015 more than 90% of orchards had less than 0.2% fruit damage due 

to codling moth (Fig. 3) in all zones. 
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Figure 3. Percent of programme area with >0.2% of fruit damaged by the codling moth. Bars 

show data from 1995 (zone 1) and from 2001 (zones 2 and 3) to 2017 for each zone managed 

by the SIR programme. The dashed line indicates 1096 of the programme area, an economic 
target set by the Programme's Board; 2012 data not available. 
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On average, 85% of the planted area was sampled every year for fruit infestation 
just prior to harvest (though this varied significantly across years due to limited human 
resources) ranging from 15 to 10096. Orchards that were not sampled were those with 
no evidence of codling moth populations, as evidenced by trap captures, early-season 
inspections, and previous sample history, and thus were placed in the <0.2% damage 
category. 

The programme has contributed to a dramatic decrease in the amount of 
insecticides applied per ha of pome fruit. From 1991 to 2016, there was an estimated 
96% reduction in insecticides used against the codling moth (Fig. 4). Other factors, 
such as changes in spray application rates in spindle versus traditional planting 
systems, new product formulations, etc., contributed in part to this reduction. Personal 
testimonies from growers indicated that many have not needed to spray insecticides 
to control the codling moth in more than 15 years. 
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Figure 4. Estimated pesticide active ingredient (kg or L) applied per ha per year for all zones 
managed by the SIR programme from 1991 to 2016 based on the estimated proportion of 
sales for the 15 products registered for use against the codling moth (note: a number of these 
insecticides are also applied for other pests and/or crops). The estimates of active ingredients 
are divided by the area (ha) of planted pome fruit in the programme area to account for 
changes in sales due to amount of pome fruit under cultivation. 


Anecdotal evidence collected during an external review of the OKSIR programme 
also suggests that there are collateral pest management benefits occurring (Carpenter 
et al. 2014). Leafrollers Spilonata ocellana Denis and Schiffermüller, Choristoneura 
rosaceana Harris and Archips spp., were reported to be on the decline similar to what 
organic growers have experienced, i.e. when insecticide use is reduced the natural 
enemy populations are allowed to increase and reduce some pest populations (Leach 
and Mumford 2008). 
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5. BENEFITS AND OPPORTUNITIES 


The OKSIR programme is an AW-IPM programme that is able to combat insect 
infestations across multiple local community jurisdictions. It is a programme that 
requires close collaboration between four different regional governments, growers, 
urban host-tree owners, fruit packers, industry advisors, tree-fruit retailers and 
researchers. Therefore, there are benefits and responsibilities at all levels, and the 
continued commitment of all partners is vital. 

Prior to the AW-IPM programme and the release of sterile insects, spraying 
organochlorine and later organophosphate insecticides was for many years the main 
method to control the codling moth. Growers had to apply multiple cover sprays each 
season, and concerns that the codling moth might become resistant to insecticides 
mounted. In addition, there were growing concerns regarding chemical residues on 
the crop and the insecticide load in the environment. Residents of the Okanagan 
Valley have a strong preference for reduced insecticide use on their properties as well 
as on neighbouring farms, and for reduced insecticide residues on food (Cartier 2014). 
Insecticide poisoning of farmworkers and groundwater contamination are also serious 
concerns in many fruit-growing areas (Witzgall et al. 2008), and run-off from farmers’ 
fields may have direct toxic effects on the water supply and aquatic organisms. 

Following the introduction of the OKSIR programme, the reduced reliance on 
insecticides used for codling moth control in the region has significantly minimized 
the potential risks to the environment, including the local biodiversity and water for 
both people and crops, and has significantly minimized the risks to workers" safety 
while maintaining the economic viability of the crop (Tracy 2014). Residents who live 
near the orchards now have lower exposure to insecticides and access to sustainably 
produced fruit, and they enjoy the benefits of a thriving local agriculture and the green 
spaces it provides. Also, the local economy is improved because the agritourism and 
agricultural industries are supported by the programme. 

Currently, a trend towards “social economy" is becoming apparent in Canada, in 
which individuals and groups take into account the social consequences of economic 
activity, including the increased attention to social issues. Local non-insecticide 
control of the codling moth can be seen as a "shared value," which is defined as 
"policies and operating practices that enhance the competitiveness of a company while 
simultaneously advancing the economic and social conditions in the communities in 
which it operates" (European Commission 2013). 

This trend is evidenced by the willingness of the vast majority (90.4%) of non- 
agricultural residents in the area to pay for the programme. Under the current funding 
structure of the area-wide approach, growers pay 65% less than they would for the 
same service without the programme (Cartier 2014). 

Both the provincial and federal governments contributed toward the cost of 
constructing the codling moth mass-rearing facility (CAD 7.4 million), which is a 
major seasonal employer in the region. Total employment associated with the 
programme contributes CAD 2.2 million, or CAD 620 per ha, to the regional gross 
domestic product (Cartier 2014). Cartier's (2014) benefit-cost analysis revealed that, 
for every CAD 1 in cost there was CAD 2.5 in benefit, for both producers and society 
as a whole. 
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As the mass-rearing facility has the capacity to produce 780 million sterile codling 
moths annually, of which only a portion is used seasonally to treat the areas in the 
Okanagan Valley, this has opened opportunities to serve other regions or countries 
through sales of sterile moths or egg sheets, and offers options for codling moth virus 
production. As an example, the OKSIR programme currently sells excess production 
of sterile moths to researchers in the USA working on pheromone research. The New 
Zealand Institute for Plant and Food Research is conducting a pilot project for codling 
moth control using sterile codling moth shipped from Canada (Horner et al. 2016). 
The OKSIR programme also sells egg sheets for commercial virus production. 

There are examples of for-profit operations selling sterile insects and related 
services commercially, such as the onion fly Delia antiqua (Meigen) in the 
Netherlands (Vreysen et al. 2006), Mediterranean fruit fly in Israel and South Africa 
(Bassi et al. 2007; Barnes et al. 2015), and the false codling moth in South Africa 
(Boersma, this volume). 

As costs of controlling the codling moth decrease because of the success of area- 
wide application of the SIT, other resources can be redirected to address threats of 
other/new invasive insect pests. Due to climate change and increasing global trade, 
invasive insect pests are migrating to new habitats throughout the world. 

Subsequent to the successful suppression of the codling moth to below economic 
levels, the local fruit industry has requested the programme to use its surveillance 
infrastructure to monitor other existing pests, e.g. leafrollers, and new invasive pests, 
such as apple clearwing moth Synanthedon myopaeformis Borkhausen, apple maggot 
Rhagoletis pomonella Walsh, and brown marmorated stink bug Halyomorpha halys 
Stal. Since programme staff visit the pome orchard properties weekly for codling moth 
management purposes, there is an opportunity to incrementally add monitoring 
services for other pests and take advantage of economies of scale. 

Insecticide resistance is also increasing. The SIT reduces insecticide use and, 
therefore, reduces the likelihood of insecticide resistance. There is an opportunity to 
use codling moth SIT to supplement the use of other biocontrol techniques, such as 
pheromone-mediated mating disruption or biological insecticides, e.g. Cydia 
pomonella granulosis virus (CpGV) (Judd and Gardiner 2005; Eberle and Jehle 2006; 
Cardé 2007; Witzgall et al. 2008). The SIT is very efficacious and sustainable, and 
hence is the ideal tool to supplement other methods as needed (Dyck et al. 2021). 

A further benefit to a region of an AW-IPM programme with an SIT component 
is the provision of employment opportunities for area residents. A major challenge 
can be the availability and recruitment of sufficient staff for the planned facility and 
field operations when choosing the physical location of the programme. Central 
administration of the programme is important because it ensures continuity between 
areas and allows for the consistent provision of full IPM support services, including 
monitoring, education and enforcement, at a lower cost. The commitment of staff to 
the outcome is also critically important; experienced staff is the programme’s most 
valuable resource. 

Looking globally, apples and cherries from the area can now be exported into high- 
value restricted markets, such as Taiwan, China and Japan (the presence of the codling 
moth restricts the movement of cherries and apples in some high-value Asian 
markets). The SIT promotes areas of low pest prevalence, which can allow for the 
biosecurity of the product to be almost guaranteed, while the cost for a rejected 
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shipment of fruit in such restricted markets and the closure of such markets can be 
very costly to the exporting nation. 

The OKSIR programme is also working with leaders worldwide in addressing 
invasive pests in a changing climate by developing projects that transfer knowledge 
using AW-IPM approaches and the SIT. In addition, the programme has successfully 
exported quality sterile moths to New Zealand, South Africa and the USA for use in 
IPM pilot projects and research (Blomefield et al. 2011; Carpenter et al. 2012; Horner 
et al. 2016; Adams et al. 2017). 

In recent years, the visibility of the OKSIR programme on the international scene 
has increased; in 2015 at the 8th International IPM Symposium the programme 
received the International IPM Award of Excellence for a regional integrated pest 
management programme (IPM 2015). Also, a panel of international experts 
recommended the OKSIR programme as a role model for AW-IPM using the SIT 
(Carpenter et al. 2014). 

The Food and Agriculture Organization of the United Nations, the World Bank 
and other international organizations promote the deployment of biological control 
agents to suppress pests and replace chemical controls (IAASTD 2009). The 
Stockholm Convention on Persistent Organic Pollutants, a global environmental 
treaty effective from 2004, aims to eliminate or restrict persistent organic pollutants 
(Stockholm Convention 2009). These actions epitomize the global need for 
environment-friendly pest management programmes like the OKSIR programme. 
Following improved technology and research, the SIT could play an important role in 
this area, particularly as a supplement to other biocontrol techniques applied on an 
area-wide basis (Cardé and Minks 1995; Hendrichs et al. 2007). 


6. CHALLENGES 


According to Tracy (2014), common obstacles to adopting a programme like the 
OKSIR are: 

1. Low levels of investment in research and development. 

2. Lack of coordination among growers in adopting the different methods. 

3. Weak or conflicting regulatory framework. 

4. Absence of market incentives and consumer awareness. 

The OKSIR programme's experience of more than 20 years has revealed vital 
lessons. The goal in sharing these lessons is to assist other regions and pome fruit 
growers who want to incorporate the SIT for codling moth control into their pest 
management system and start their programmes as efficiently and smoothly as 
possible (Carpenter et al. 2014). 

Support from political partners (policy/regulatory) and the public is critically 
important for establishing and sustaining an AW-IPM programme like OKSIR. The 
impact of the pest and the techniques used to manage it can be influenced by both 
politics and emotions. It is vital that all stakeholders share common values, and that 
their expectations are identified from the beginning and managed along the way. This 
is crucial for building trust in the programme, especially in its initial phases before the 
programme results can provide convincing proof. 
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Champions for the programme outside the administration who represent the 
interests of each of the stakeholder groups are extremely useful to move the initiative 
forward and maintain ongoing support for an AW-IPM programme. 

Committed partners in the programme are critical to its success. It may be easy to 
identify and join forces with potential partners, but what happens if this collaboration 
fails or is unproductive? It is crucial to define how the partnership is constituted. The 
responsibilities of each partner must be mutually agreeable, such that the integrity and 
efficacy of the programme can be maintained. Not doing so can jeopardize the success 
of the entire programme. Defining procedures to allow exit and entry of partners is 
invaluable. 

In the initial phase of the OKSIR programme, many growers resented having the 
programme "imposed" on them. In addition, it was difficult to convince growers, 
whose livelihoods depend on their crops, to trust the SIT component of the AW-IPM 
approach and to apply supplemental chemical control only when needed. However, 
trust grew over time, in large part due to the real-time trapping and monitoring data 
made available to growers on the website, and especially with the obvious decline in 
codling moth populations and crop damage. Growers are now very supportive of the 
AW-IPM approach because it protects them from potential infestation coming from 
their neighbours" poor management practices (both commercial and residential). In 
addition, the high number of hits on the website's real-time data pages shows that 
growers are checking their monitoring data and scrutinizing moth thresholds before 
spraying, rather than simply applying “comfort sprays” (Lefebvre et al. 2015a). 

This was the first area-wide use of the SIT for controlling the codling moth in 
commercial orchard plantings. Challenges in the early years of the programme 
included overcoming public resistance to the mandatory requirement to control the 
pest on all properties, and for the growers to receive a mandatory applied control 
measure. This was caused in part by ineffective communication with the public and 
philosophical disagreements between the programme and individual property owners. 
However, over time, due to improved communication, the roles and responsibilities 
of all stakeholder groups were better understood, resulting in better cooperative 
actions and more effective codling moth control. Furthermore, the legal authority for 
programme staff to enter properties to conduct activities was initially met with 
resistance from growers and the public. This authority is vitally important for the 
success of the programme. 

Convincing consumers to embrace AW-IPM practices has also been a challenge. 
Compared with the sale price of fruit produced by conventional production systems, 
it has been shown that consumers are willing to pay significantly more for certified 
organic fruit, and moderately more for fruit produced through IPM practices 
(Lefebvre et al. 2015a). The OKSIR programme supports a relatively small organic 
pome fruit industry, i.e. less than 10% of British Columbia's pome fruit production 
(Macey 2013). These growers enjoy the economic benefits of marketing their fruit as 
certified organic. However, the remaining conventional growers have not yet taken 
steps to capitalize on market opportunities afforded by agroecological and socially 
responsible practices in the same way that growers in the USA have benefited from 
the “Responsible Choice" label (Tracy 2014). 


124 C. NELSON ET AL. 


During the planning stages of an AW-IPM programme, it is important to 
understand what the benefits and costs of the programme are, and to understand the 
long-term expectations of the stakeholders once the programme achieves its goals. A 
major challenge to maintain a sustainable programme is to obtain continued funding 
when the pest is no longer deemed a problem. The success of an AW-IPM approach 
means that the reason for its existence appears to diminish. However, removing the 
AW-IPM measures will create a resurgence of the pest to levels existing prior to the 
programme. For example, once success has been achieved, keeping the population 
levels below treatment thresholds requires a risk management approach. 

The local governments in the community-based OKSIR programme are also under 
pressure to allocate tax revenue to other uses, and they must justify the continued area- 
wide service to their constituents (who are also benefactors of the programme). In 
addition, there has been an overall decrease in pome-fruit area in the region because 
of low market returns. Because of their northern location, growers in British Columbia 
are faced with higher production costs than growers in the nearby USA. Also, higher 
profit margins can be made growing alternative crops such as sweet cherries and wine 
grapes. Even though a decreasing pome-fruit area equates to reduced parcel-tax 
revenue, the OKSIR programme has remained financially strong, and in the past seven 
years there has been no tax increase. 

Expansion of the programme also presents challenges. There are challenges for a 
public-sector regulatory service when considering diversifying the revenue model to 
include expansion of scale and scope, such as producing a commercial supply for sales 
of sterile moths or other by-products, and in assisting the setting up of programmes in 
other regions/countries. There can be complications due to the governance/business 
model, as well as different languages and cultures when providing technical support 
to those areas purchasing sterile insects. There are regulatory, shipping and logistics 
timing issues involved in selling a product internationally (Blomefield et al. 2011; 
Adams et al. 2017; Suckling et al. 2017). Biological control agents and beneficial 
insects are still a developing sector. Unfamiliarity with import regulations of these 
new products by the many customs officials and private companies along the transport 
chain can impede movement over international borders (FAO 2017). 

A small, locally funded programme cannot afford large-scale investment in 
research to improve the technology, and generally it can afford to focus only on 
critical operational improvements as situations arise. The OKSIR programme is 
currently working with collaborators in New Zealand and the USA on advancing the 
use of unmanned aerial systems for more efficient release of the sterile codling moth 
in field implementation trials using the SIT to control the codling moth. 

The OKSIR programme has relied on the senior government and international 
research community for technical assistance, and for advancing AW-IPM and the SIT 
for the codling moth. Due to the increasing public pressure to reduce the use of 
chemical insecticides around the world, a global investment in SIT research is needed 
to advance the technology. A few areas worthy of investigation include if or how 
released sterile female codling moths could create an effect similar to commercially 
applied pheromone-mediated mating disruption, how SIT affects parasitoid 
populations, what are effective sterile: wild ratios for extremely low wild populations, 
and methods to monitor extremely low wild densities (Judd and Gardiner 2005; 
Witzgall et al. 2008; Bau and Cardé 2016). 
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7. CONCLUSIONS 


The OKSIR programme is a highly effective and easily transferrable model to control 
orchard pest infestations. There is greater demand for biological control methods to 
meet mounting pressures of climate change, increasing insect pest populations, 
impacts of global trade, and concerns over affordability and availability of methods. 
Concerns are mounting that the codling moth is becoming resistant to the insecticides 
used commonly for control, with few replacement chemical options being developed. 
Biological control options also face pressure because they are not stand-alone 
technologies, often relying on compatible, supplemental control products and crop 
management practices. 

The OKSIR programme clearly illustrates that area-wide integration of the SIT 
can successfully manage codling moth populations in an environmentally sound way. 
In addition, it can easily be integrated with other biological control methods such as 
pheromone-mediated mating disruption and CpGV. Most importantly, the SIT can 
replace control products that are no longer environmentally or economically viable, 
and hence provide an excellent biologically sustainable solution for controlling insect 
pests. 

Despite its proven success, the SIT is often considered a curiosity rather than an 
effective, environment-friendly technology that dovetails into many modern IPM 
programmes. When considering the success of the OKSIR programme, other regions 
and pome fruit growers around the world will be compelled positively to consider 
AW-IPM with a SIT component as a viable management strategy for the codling 
moth. 
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SUMMARY 


A mass-rearing facility to produce sterile male Mediterranean fruit flies, Ceratitis capitata (Wiedemann), 
for a Sterile Insect Technique (SIT) programme in the Hex River Valley in the Western Cape Province 
started in the late 1990s. The programme was initially underfunded and could only produce about 5 million 
sterile male flies per week. The resultant aerial release rate of 500 sterile males/ha/week reduced wild 
Mediterranean fruit fly populations substantially, but not to sufficiently low levels. Due to financial 
considerations, in 2003 aerial releases were replaced with ground releases targeting all gardens, other 
hotspots and neglected host plants. It was clear that with more funding, fruit fly mass-rearing facility and 
field operations could be improved, better quality control could be implemented, and more and better 
quality male sterile flies could be produced and released. Increased government support in 2001 resulted 
in a larger mass-rearing facility, and further improvements included the implementation of a quality control 
management system and the introduction ofa new genetic sexing strain (VIENNA 8). The resultant increase 
in the production of sterile Mediterranean fruit flies of better quality enabled the SIT programme to be 
systematically introduced to additional fruit production areas. The Mediterranean fruit fly SIT programme 
was privatised in 2003 and is now operated by FruitF ly Africa (Pty) Ltd. In 2009 a new approach to funding 
was adopted with a renewable Memorandum of Understanding (MoU) between the Department of 
Agriculture, Forestry and Fisheries (DAFF) and the deciduous fruit and table grape industry. Under the 
MoU, the DAFF provides 50% of the necessary funding, while 50% is collected from growers through 
statutory levies. In 2010 a new state of the art mass-rearing facility became operational and subsequent 
improvements in production processes and facility maintenance resulted in improved fruit fly production 
and quality. By 2016 sterile male production had increased to 56 million flies per week. After 12 years of 
ground releases of sterile Mediterranean fruit flies, aerial releases were resumed in three main production 
areas, and, at the time of writing, include approximately 15 000 ha of commercial deciduous fruit and table 
grapes. As a result of this well-funded area-wide integrated pest management (AW-IPM) programme, 
average wild Mediterranean fruit fly populations in the SIT areas have decreased by as much as 73%. The 
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South African Mediterranean fruit fly SIT programme now aims to manage some of the fruit production 
areas as areas of low pest prevalence. Increased funding and a stable income stream also enabled FruitFly 
Africa to apply early detection and rapid response programmes for invasive pests such as Bactrocera 
dorsalis in relevant areas. 


Key Words: Ceratitis capitata, Ceratitis rosa, Ceratitis quilicii, Tephritidae, SIT, public/private 
partnership, sterile male releases, suppression, Western Cape, Northern Cape, Eastern Cape 


1. INTRODUCTION 


The Western Cape Province is the centre of the South African deciduous fruit industry, 
followed by the Northern and Eastern Cape Provinces and to a lesser extent by smaller 
production areas in other provinces. Two fruit fly species of economic importance 
were previously recorded as occurring in the Western Cape, i.e. the Mediterranean 
fruit fly (Ceratitis capitata (Wiedemann)) and the Natal fruit fly (C. rosa Karsch) 
(Blomefield et al. 2015). However recent studies have revealed distinct morphological 
and molecular differences within populations of C. rosa, differentiated further by 
environmental requirements such as by temperature and altitude (Virgilio et al. 2013; 
Karsten et al. 2016). This resulted in the description of a new species viz. Ceratitis 
quilicii (De Meyer et al. 2016; FAO/IAEA 2019). Comprehensive surveys have not 
yet been conducted to determine the prevalence of either species. It can be deducted, 
however, from the studies of Karsten et al. (2016) that C. quilicii is more prevalent in 
the Western Cape than C. rosa. 

Mediterranean fruit fly is the predominant species in most areas in the Western 
Cape (De Villiers et al. 2013; Manrakhan and Addison 2014) and is categorised as a 
quarantine pest for most of South Africa's export markets for deciduous fruit. 
Globally, more than 260 different fruit species, including citrus, are hosts of 
Mediterranean fruit fly, and it can cause enormous crop losses to commercially- 
produced fruit and also some vegetables if not controlled (USDA 2019). Small-scale 
farmers, as well as communities with backyard fruit trees, are also seriously affected 
by this species (White and Elson-Harris 1994). 

Deciduous fruit (pome and stone fruit) and table grapes are mostly grown in 
mountain valleys in the Western and Eastern Cape, and in a semi-desert area alongside 
the Lower Orange River in the Northern Cape. The valleys are fairly isolated by 
surrounding mountains, and the Lower Orange River production area by the 
surrounding semi-desert area, making possible area-wide integrated pest management 
(AW-IPM) programmes incorporating the Sterile Insect Technique (SIT) covering a 
number of separate and relatively isolated areas. 

South Africa is a net exporter of fruit and for many decades has had an established, 
well organised and integrated deciduous fruit industry, which in 2016 exported 
approximately 880 000 metric tons of deciduous fruit with an estimated value of USD 
1200 million (DAFF 2017). The deciduous fruit industry in South Africa is one of the 
largest employers in horticulture, representing a significant investment both in terms 
of human resources and foreign exchange earnings (DAFF 2017). The country cannot 
afford to jeopardise future exports by allowing fruit flies to hinder international trade. 
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It is therefore essential for the South African export fruit industry to reduce fruit 
fly interceptions to a minimum to ensure market access and to reduce production 
losses. The European Union is the destination of more than 40% of fruit exports, and 
other markets include Japan, Taiwan and the USA (DAFF 2017). The European Union 
will intercept and detain fruit consignments for any non-European fruit fly larvae 
detected in fruit, which often includes unidentified larvae of the Mediterranean fruit 
fly, but also other Ceratitis spp., if the consignment does not originate from the 
European Union. 

The use of chemical insecticides has become increasingly complex due to pest 
resistance, environmental concerns, and restrictions on residue levels by importing 
countries. In the interests of reducing insecticide use, as well as pre- and post-harvest 
crop losses, while maintaining sustainable agricultural systems, AW-IPM 
programmes integrating the SIT have proved effective in supporting safe and 
environment-friendly international trade. 

South Africa 1s one of the largest deciduous fruit exporting countries in the 
southern hemisphere, but with a relatively small SIT programme to suppress or 
eradicate fruit flies. South Africa's major competitors on the international fruit export 
market, such as Chile, are either fruit fly-free, well advanced in achieving this or have 
at least low pest prevalence status. Use of the SIT, which has successfully contributed 
to eradicating the Mediterranean fruit fly in Chile and North America, as well as parts 
of Argentina, Australia, Peru, and Central America, has resulted in substantial savings 
to these countries (Enkerlin 2021). 

A key factor for the success of any SIT programme is availability of adequate 
funding and long-term commitment of stakeholders. Funds generated from growers 
by making use of, e.g. a statutory grower levy, need to be supplemented with 
government funding in view of the public benefits of such programmes. Political will 
to support AW-IPM programmes which include the SIT is therefore needed to ensure 
sustainable funding (Dyck et al. 20212). 


2. HISTORIC OVERVIEW OF THE SOUTH AFRICAN SIT PROGRAMME 


The Mediterranean fruit fly SIT programme in South Africa originated in 1996 when 
the Agricultural Research Council's (ARC) Infruitec-Nietvoorbij Institute for Fruit, 
Vine and Wine in Stellenbosch approached the Joint Food and Agriculture 
Organization of the United Nations (FAO)/International Atomic Energy Agency 
(IAEA) Programme of Nuclear Techniques in Food and Agriculture for technical 
support for a project to investigate the feasibility of integrating the SIT to suppress or 
eradicate Mediterranean fruit fly in the Hex River Valley. The pilot area was chosen 
mainly because of its relative geographic isolation, its large production area of 5000 
ha of table grapes, a major export crop, and the fact that Mediterranean fruit fly was 
the dominant fruit fly pest (Barnes 2016). 

Aerial releases of sterile Mediterranean fruit flies using a fixed-wing aircraft 
started in 1999, and flies were dispersed at a density of 500 sterile male Mediterranean 
fruit flies per ha per week. Wild Mediterranean fruit fly populations were 
subsequently reduced by 80% (Barnes et al. 2015), but still inadequately. 
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Nevertheless, encouraged by these early results, the governing body of the 
deciduous fruit industry, the then Deciduous Fruit Producers! Trust (DFPT, later 
HORTGRO) assisted the ARC with limited funding for the implementation of the 
project. Overall management of project funding at local level was through a formal 
‘SIT Partnership’ agreement between the ARC and the DFPT. Additional funding in 
2001 from the Western Cape Department of Agriculture allowed for improved 
infrastructure. 

In 2002, a quality management system was incorporated into the mass-rearing 
process, and in 2003 a new genetic sexing strain of Mediterranean fruit fly based on 
a temperature sensitive lethal (¢s/) mutation, 1.e. the VIENNA 8 strain, was introduced 
and reared as the main colony (Franz et al. 2021). All these factors significantly 
improved mass-production levels and quality of the sterile males (Barnes et al. 2015; 
Barnes 2016). 

In 2003 the programme was privatised with the establishment of SIT Africa (Pty) 
Ltd. (Barnes 2007), and in 2004 the sterile male release programme was extended to 
two additional production areas (Barnes 2016). Financial considerations resulted in 
the replacement of aerial releases with ground releases in 2003. These were focussed 
on farm and town gardens and other hotspots where wild Mediterranean fruit fly 
populations remained high (Barnes 2016). The rationale behind this strategy was to 
achieve high sterile to wild fly ratios in these localities where wild flies overwinter in 
low numbers (Barnes 2008), thus minimizing the number of wild flies which are able 
to migrate back to commercial fruit plantings in summer. However, still insufficient 
sterile to wild fly ratios during summer often occurred (Manrakhan and Addison 
2014). 

Subsequently, substantial funds were made available by the fruit industry to 
introduce extensive fruit fly monitoring programmes in production areas in order to 
identify and further suppress fruit fly hotspots prior to sterile male releases to ensure 
that momentum in the SIT programme was maintained. Greater detail on the 
development, progression and results of the Mediterranean fruit fly SIT programme 
is given in Barnes (2007, 2016). 

When it became clear that a new approach was required to ensure sustainable 
funding and industry-wide roll out of the Mediterranean fruit fly SIT programme, a 
50:50 contractual funding partnership was formed in 2008 between the DFPT and the 
then National Department of Agriculture (NDA) (now Department of Agriculture, 
Forestry and Fisheries, DAFF) in the form of a Memorandum of Understanding 
(MoU). 

The broad AW-IPM programme with a SIT component includes, at the time of 
writing, eight distinct fruit production areas at different levels of SIT implementation. 
The sterile flies are released in the Elgin, Grabouw and Vyeboom area (9600 ha), the 
Hex River area (Hex River Valley, De Wet and Brandwacht, 5700 ha), and the Warm 
Bokkeveld, Wolseley and Tulbagh area (7000 ha), all in the Western Cape Province. 
Pre-SIT baseline data collection is being carried out in the Hemel and Aarde Valley 
in the Western Cape (300 ha), the Langkloof Valley in the Eastern Cape (4700 ha), 
and in the Lower Orange River area in the Northern Cape (Kakamas and Keimoes, 
4200 ha). 
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Fruit fly densities in commercial orchards are monitored with Chempac® bucket 
traps baited with a three-component lure (Biolure) that are deployed at a density of 1 
trap per 20 ha (Barnes 2016). Baiting no longer includes organophosphate 
insecticides, but the organically certified spinosad-based product GF-120 NF 
NATURALYTE ™ bait. 

The programme contributes towards various government priorities, such as export 
competitiveness, economic growth and development, job creation, food security, and 
reduced insecticide use. Monitoring for non-native fruit flies, including Bactrocera 
dorsalis Hendel, which is already established in northern parts of South Africa 
(Manrakhan et al. 2015), forms part of the national exotic fruit fly surveillance 
programme, which is augmented through the SIT monitoring programme. For these 
species, Chempac® bucket traps baited with methyl eugenol lures are used at a density 
of 1 trap per 100 ha. 


3. FINANCIAL MODEL 


By 2008, several factors had influenced the economic viability of the programme. 
These included the absence of sustained investment from government, an inability to 
raise venture capital from private institutions, a fruit industry which was under 
economic stress and the resultant difficulties in getting grower buy-in, and a too-small 
and aging Mediterranean fruit fly mass-rearing facility which could not produce the 
numbers of sterile flies required (Barnes 2007). It was in this context that the 
DAFF/DFPT MoU was formalised in 2008. 

The DAFF/DFPT MoU is a 3-year renewable contract; in 2009 DAFF's 
contribution was approximately USD 460 000 (current value) and included an annual 
consumer price increase. Under the MoU, approximately the same amount was 
contributed by the fruit industry towards the monitoring and sterile Mediterranean 
fruit fly production components of the programme. The aerial baiting component of 
the programme is funded solely by producers. 

The objectives of the MoU focussed on the concept that reduced fruit fly 
population levels can lead to areas of low pest prevalence, pest free areas and, 
possibly, eradication of invasive fruit flies. This would ensure maintenance of market 
access and increase South Africa’s ability to export high quality, residue safe fruit. 
Furthermore, all producers within the relevant area would be able to participate. 

Subsequently, the MoU has been renewed twice. The current MoU for the business 
years 2015/16 to 2017/18 has ensured a financial contribution to the SIT programme 
by DAFF of USD 770 000, USD 930 000 and USD 1.1 million, respectively. 

In 2013 SIT Africa evolved into FruitFly Africa (Pty) Ltd. (FruitFly Africa 2019), 
which was recognised by DAFF as the implementation structure for the MoU. DAFF 
funding is allocated for major projects within the SIT programme, namely awareness 
and educational programmes, optimisation of fruit fly monitoring, preparation of new 
areas for sterile Mediterranean fruit fly releases, supplementary fruit fly bait 
applications, remedial action in hotspot areas, effective radiation sterilisation of 
pupae, increased production and quality of sterile flies, area-wide release techniques, 
and continuation of releases in existing areas. 
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4. ORGANIZATIONAL STRUCTURE 


The current (2017) organizational structure of FruitFly Africa is given in Fig. 1. 
During the initial stages of sterile fly production at the Stellenbosch mass-rearing 
facility, 5 million sterile flies per week were produced by 15 rearing technicians. 
FruitFly Africa currently (2017) has eight rearing technicians; their production output 
per week has risen from 15 million in 2014 to the 56 million VIENNA 8 sterile males 
per week in 2017. Production efficiency has been improved not by additional 
automation, but by the efficient use of labour and the adoption of improved production 
and quality practices. 

A quality control officer monitors the quality of the sterile male flies produced, 
ensures adherence to the protocol of aerial applications of GF-120 baits, and evaluates 
all other fruit fly management measures applied in the field. 


Manager 
ES Administrative officer 
Production manager Field operations manager Quality control officer 


6 x area coordinators 


19 x monitoring staff 


5 x Production staff 


Maintenance officer 


Driver Ad hoc pest monitor 


Cleaner 


Figure 1: The current organizational structure of FruitFly Africa (Pty) Ltd. 


Field surveillance staff carry out the day-to-day tasks in the areas that participate 
in the programme. Each SIT area has a coordinator who is responsible for planning 
and public relations in that area. Field monitoring staff report to the area coordinator 
in that area, who in turn reports to the field operations manager who supervises the 
implementation of monitoring and management strategies within that area. 


5. MANAGEMENT 


In a SIT programme, sterile insects must be of the best quality, strategies and decisions 
need to be technically correct, and customer service has to be excellent. This, coupled 
with the fact that the broader community which is impacted also needs to contribute 
to fruit fly suppression, has a unique impact on programme management practices 
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(Dyck et al. 2021b). As the current programme evolved, it became evident that 
programme management needs to be able to rely on staff that are technically 
competent, and that are able to build good working relationships with all fruit industry 
stakeholders, e.g. community organizations and individual producers. People 
possessing both these skills are relatively rare, and in this programme much emphasis 
is put on recruiting suitably-skilled people for these tasks. 

Since 2010, area-wide aerial baiting with GF-120 has also formed a crucial part 
of the fruit fly suppression strategy; in most areas four to six applications per season 
are applied shortly before harvest as an additional crop protection exercise. Ground- 
released sterile flies are used as the main intervention in urban areas, farm gardens, 
on alternate hosts and in Mediterranean fruit fly hotspots. 

In view of the encouraging results of aerial sterile fly releases during the 1999- 
2003 pilot phase in the Hex River Valley (Barnes 2016), and the improved funding 
base, aerial releases of sterile males were reconsidered and a pilot trial over 2200 ha 
was implemented during the 2014/15 season using a gyrocopter. Reasonable success 
was obtained (Barnes 2016), and in 2016/17 season-long, area-wide helicopter 
releases were carried out at the standard release rate of a 1000 sterile males/ha/week 
over +39 000 ha in three areas where the SIT forms part of the fruit fly management 
strategy. “Attract and kill" bait stations as well as mass-trapping were also used as 
part of the management strategy in programme areas, although their use has been 
limited to backyards and hotspots on farms. 

Historically, fruit fly monitoring has been at a density of 1 trap per 20 hectares. 
These traps are not used in orchard-level decision making, but they are used to 
determine the area-wide distribution of both wild and sterile fruit flies, as well as to 
determine the ratios between the two. Because all farmers contribute financially in 
equal amounts to the programme, each of them feels entitled to the same AW-IPM 
service from FruitFly Africa in equal quantities. Once a strategy has been decided on 
for a season, it needs to be implemented equitably across all participating areas. Fruit 
fly trap catches have thus been not so much a tool for weekly management decisions, 
but more as an indication of whether a particular strategy for the season has been 
successful in that area. They are also a useful tool for timing other control 
interventions (e.g. host plant management), using historical trends. Trap catches have 
thus been used to compare fruit fly populations for a whole area across weeks and 
between seasons. Increasingly, farmers are opting for higher trap densities to enable 
them to make their own management decisions. For this, more detailed and timely 
information is necessary, and FruitFly Africa is thus developing an electronic 
database system that will be available to the farmers and provide detailed and real- 
time reporting on trap catches, and population levels and distribution. 


6. PRODUCTION PRACTICES AND QUALITY CONTROL 


During the period 2011 to 2015, systematic changes were made to the sterile 
Mediterranean fruit fly mass-rearing process based on experience gained by the 
FruitFly Africa quality control officer during a visit to the Moscamed El Pino 
Mediterranean fruit fly facility in Guatemala. These included a 20% reduction in adult 
fly density in the oviposition cages (from 4400 to 3600 adults — this equates to 0.0027 
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to 0.0034 cm? per fly), twice-daily brushing of eggs off the adult cage screen walls 
through which the females oviposit into water troughs, and the use of 1 kg 'starter 
packs' of diet for rearing first instar larvae. 

The reduction in the number of adults per oviposition cage reduced the amount of 
stress on the flies that need to feed, mate and lay their eggs. Brushing the eggs more 
frequently from the screens through which they have been laid reduced the number of 
eggs that stuck to the screens and become desiccated, thereby increasing the 
percentage of viable eggs. The use ofthe 1 kg starter packs concentrated the recently- 
hatched larvae in a smaller volume of diet, thereby retaining essential metabolic heat. 

Through a cascade effect, these measures resulted in better quality larvae, pupae 
and adults in the main colony, which in turn equated to better quality eggs, larvae, 
pupae and adults in the release stream. The end result is the release of better-quality 
sterile males (Barnes, 2016). The outcome of these changes is given below. 

Additionally, a more stable flow of increased funding enabled the production team 
to make improvements to the facility infrastructure, as well as to the production 
equipment. This included improved illumination in the adult room, replacing egg- 
bubbling aeration pumps with a single air supply line, better climate control 
equipment, and emergency standby services for equipment that is essential to 
production. 

The stable flow of funding also enabled the mass-production facility to procure 
raw materials of a higher and more uniform quality from reliable sources. Examples 
of this are bran that is free of pesticide residues, vermiculite with low moisture levels, 
and yeast with a high and stable protein content. 

The quality control parameters and production targets, calculated weekly, include 
daily egg production (volume), daily pupal production (volume), egg hatch (%), egg 
to pupa recovery (96), pupal weight (mg), adult flight ability (96), sterility in the 
release stream (96), and fertility of the main colony (%). All tests are carried out in 
accordance with the standards set out in the standard operating procedures and in the 
international product quality control manual (FAO/IAEA/USDA 2019). 


7. RESULTS AND DISCUSSION 


Following the inception of changes to the infrastructure and mass-rearing procedures 
described above, there was a marked improvement in the following production and 
quality control parameters in the release stream (Barnes 2016): 

e Daily egg production per cage increased by 45.3%, with a decrease in standard 
deviation (SD) of 18.2%. 

e Mean egg hatch improved from 39.6% to 42.6%, an increase of 7.6% (SD 
decreased by 50.0%). In 2011 the target of 40% hatch was often not met; this rarely 
happened in 2015. 

e Egg to pupa recovery improved from 16.9% to 20.6%, an increase of 21.9%; there 
was no change in the SD. 

e Mean flight ability increased from 82.2% to 87.5% (SD decreased by 64.8%). In 
2011, the target of 80% was not achieved on a number of occasions; in 2015 it 
never dropped below 81%. 
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Egg to pupa recovery is a good indicator of the cost-effectiveness of production, 
since a large percentage of the variable costs of production is spent on rearing the fly 
from the egg stage to the pupal stage. With an increase in egg to pupa recovery it was 
not unexpected that the unit cost of production from 2011 to 2015 was reduced by 
37% (nominal). In addition to the increased production efficiency, the increase in 
numbers of sterile males produced, coupled with a minimal increase in fixed costs, 
translated into lower unit costs, since the increase in total costs were not proportionate 
to that of total volumes. While the quality of sterile flies together with the cost- 
effectiveness of production are important to the success of an SIT programme, the 
effect of the programme on the degree of wild Mediterranean fruit fly population 
reduction has to be taken into account when considering the cost-effectiveness of such 
a programme. 

The trend in wild Mediterranean fruit fly populations in the sterile male release 
areas during the period 2007 to 2017 is shown in Figure 2 (note the difference in the 
flies/trap/day (FTD) scale between the three areas). 

The average wild fly population levels during the harvest season (first 20 weeks 
of the calendar year when ripe fruit is most abundant), in the large areas where the 
SIT forms part of the management strategy, decreased as follows: 

e When comparing the average FTD for 2007-2008 (period before the MoU) with 
that of 2015-2017, the FTDs in the Hex River Valley decreased by 73% from an 
average of 4.32 to 1.14. This average includes hotspots that are focally supressed. 

e The same comparison for the Elgin/Grabouw area indicates a population reduction 
of 19% (although the reduction from the 3-year period immediately following the 
MoU is 32%), from a FTD of 0.50 to 0.41. 

e No reliable data prior to 2010 (implementation of the full programme) are 
available for the Warm Bokkeveld area. When comparing the average FTD for 
2010-2011 with that of the period 2015-17, the FTDs in the Warm Bokkeveld 
decreased by 78% from an average of 1.46 to 0.32. 

Over the period 2007-2017 the FTD values for the Hex River Valley were much 
higher than the FTD values of Elgin/Grabouw. This is mainly due to differences in 
wild and commercial host plants present and varieties cultivated, as well as harvesting 
processes and sanitation between the two areas (Barnes 2016), which made fruit fly 
management throughout the Hex River Valley more difficult. A further factor is 
climate; long-term data show that the Hex River Valley has higher average maximum 
temperatures than the Elgin/Grabouw area (Barnes et al. 2015), conditions which 
favour development of Mediterranean fruit fly (Nyamukondiwa et al. 2013). 

Increased funding from DAFF from 2008 to 2017 allowed for essential 
improvements at the Mediterranean fruit fly mass-rearing facility. The timely 
integration of a combination of fruit fly management techniques made a positive 
difference to the outcomes of the programme. Production increased from 15 million 
sterile male flies per week in 2014 to 56 million per week by 2016, which enabled 
better sterile male to wild male overflooding ratios. Improved quality and quantity of 
sterile fruit flies produced and released, better release techniques, and overall, better 
on-farm management of fruit fly populations, have resulted in a generally steady 
decrease in average wild Mediterranean fruit fly populations over time, as illustrated 
in Fig. 2. 
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Figure 2. Average numbers of wild Mediterranean fruit flies/trap/day (FTD) trapped in three 
fruit production areas under SIT application during the first 20 weeks of the year (= harvest 
period) from 2007/2010 to 2017 (no data available for Warm Bokkeveld before 2010). 


During the last 18 years, the South Africa Mediterranean fruit fly SIT programme 
has faced many challenges such as outdated infrastructure and inadequate equipment 
due to a poor local funding base, and initially a hesitant grower community, but, with 
excellent and sustained support from the FAO/IAEA, and later, better co-funding from 
government, determination by the SIT team, improved facilities and equipment, and 
a grower community steadily starting to believe in the programme, it has grown to a 


programme serving a total of 30 000 ha, and is destined for further growth. 
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Many lessons have been learnt along the way, the most important being: 

e  Broad-based, multi-organizational and sustainable funding must be available from 
the start of the AW-IPM programme. 

e No single control measure is a stand-alone technology. All available tools for the 
management of the pest must be used in combination with each other. Efforts must 
be made to educate stakeholders accordingly. 

e The area for the AW-IPM programme, especially at its initiation, must be carefully 
selected. Besides geographic or topographic isolation, the target pest should 
already be well managed by conventional methods and sanitation, with growers 
who are progressive in their pest management outlook. 

e Effective management of alternative fruit fly host plants and active 
orchard/vineyard sanitation at farm level is crucial to the success of an AW-IPM 
programme. 

e There must be buy-in and long-term commitment to the programme by all growers 
in the selected area(s). Ideally, there should be a ‘push-pull’ approach by the 
stakeholders: SIT technologists should ‘push' (advocate) AW-IPM (including SIT) 
where it is appropriate, with a simultaneous ‘pull’ (a willingness/receptiveness) 
for the SIT on the part of the growers. 

e Good relations and communication between AW-IPM service providers, growers, 
and the broader public is crucial, and should be based on transparent real-time 
reporting on trap catches, and population levels and distribution. 

e High specification infrastructure, equipment and human capital must be available 
to produce good quality insects. A good quality management system must be in 
place in the rearing and release facilities and must include regular internal and 
external audits of procedures, processes and performance. 

e Ground releases of sterile C. capitata are not a long-term solution to area-wide 
population suppression. Above a certain scale, releases should be by air if at all 
possible. 

e Programme managers must keep abreast of the latest international developments 
in the field of AW-IPM and make good use of knowledge and input from 
international experts. 

e AW-IPM programmes are not quick fixes to a problem. Population reduction 
exercises can take a couple of seasons to show results. Stakeholder expectations 
should be managed in this regard. 

e Applied research and development should be on-going, and all cost-effective 
improvements in procedures and processes should be implemented. 

South Africa is now aiming to identify some of the existing deciduous fruit and 
table grape areas in the AW-IPM programme and manage them as areas of low pest 
prevalence. 

The invasion of B. dorsalis is officially controlled by DAFF in South Africa and 
preparedness plans are in place to immediately initiate eradication programmes in 
case of outbreaks. Official control actions include quarantine, delimiting surveys and 
eradication measures with the application of the male annihilation technique and bait 
application (Manrakhan et al. 2012). 
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Although SIT application for B. dorsalis is not envisaged at this stage, future 
expansion of the fruit production areas to be covered by an AW-IPM approach, which 
will include the SIT for Mediterranean fruit fly, is planned (Manrakhan 2020). A new 
MoU with DAFF is planned, which will provide the necessary support for such 
expansion. This expansion of SIT activities will mainly be within areas where other 
area-wide control measures (e.g. monitoring and aerial baiting) are already being 
implemented to effectively suppress populations. Such areas have already been 
identified in the Northern and Eastern Cape Provinces. 
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SUMMARY 


The Chinese citrus fly Bactrocera minax (Enderlein) is a major pest of citrus in some Asian countries. It is 
a univoltine, oligophagous pest, which strictly infests Citrus species and varieties, and has an exceptionally 
long pupal diapause. B. minax has great socio-economic importance in China and its neighbouring countries 
because citrus production is a key fruit industry in these countries. We review the biology and management 
of this pest with a focus on its distribution, life cycle, diapause, behavioural ecology, and host preferences. 
We further review potential area-wide integrated pest management (AW-IPM) strategies, including 
chemical control, but also various eco-friendly, locally developed and adopted techniques applied mainly 
in China and Bhutan. After years of continuous efforts in AW-IPM of B. minax, significant progress has 
been achieved in suppressing B. minax populations to a level of less than 5% infested fruit and a 60-80% 
reduction in the use of synthetic insecticides against this pest in China. 


Key Words: temperate fruit fly, life cycle, behavioural ecology, diapause, Tetradacus, Dacinae, oranges, 
Citrus, AW-IPM, China, Bhutan, IPM 
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1. INTRODUCTION 


Citrus fruits rank first across the world in the international fruit trade in terms of value 
(Liu et al. 2012; Srivastava 2012). The Chinese citrus fly Bactrocera minax 
(Enderlein) (Diptera: Tephritidae) is a major pest of Citrus spp. in China, Bhutan, 
India, Viet Nam and other neighbouring countries (White and Wang 1992; Dong et 
al. 2014a). It is a univoltine insect with a long pupal diapause that feeds solely on 
different Citrus species and varieties (Chen et al. 2016). The Chinese citrus fly is 
thought to be endemic to China as its presence could have been recorded in a poem 
written about 1000 years ago during the Song dynasty: 


“The yellow oranges drop to the ground of the garden due to the wind in autumn. When the 
oranges opened, there were maggots inside the oranges instead of dragon " (Yang et al. 2013). 


In the 1940s B. minax was only recorded in Guizhou and Sichuan, China (Chen 
and Wong 1943). Currently, it is reported to occur in the major citrus growing 
provinces of China (Chongqing, Guangxi, Guizhou, Hubei, Hunan, Shanxi, and 
Sichuan, see Fig. 1), climatically ranging from temperate to subtropical (Wang and 
Zhang 2009; Gao et al. 2013). 
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Figure 1. The occurrence and distribution of Bactrocera minax in China (indicated with dark 
marks showing location within different provinces). 
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Following a population outbreak in 2008 in south-western China, and the resulting 
heavy losses incurred by farmers, B. minax was removed from the national quarantine 
plant pest list in 2009 (Announcement No. 1216 of the Ministry of Agriculture of the 
People's Republic of China). Thus, the current management against B. minax in China 
has shifted from eradication to suppression. 


l.l. Nature of Damage and Economic Importance 


The adult female fly oviposits its eggs under the peel of green, immature citrus fruits 
with the aid of its elongated ovipositor (Fig. 2). The eggs hatch when fruit reach mid- 
level development and the larvae feed on the fruit flesh leading to premature ripening 
and fruit drop, ultimately resulting in economic damage and yield loss (Allwood et al. 
1999; Liu et al. 2015). The larval stage is therefore considered as the most destructive 
life stage (Dorji et al. 2006). Heavy economic losses of USD 200 million were 
reported in 2008 due to the above-mentioned outbreak of B. minax in Guangyuan, 
Sichuan Province, China. Almost 1 million tons of oranges were destroyed during this 
flare-up. This outbreak and heavy infestation resulted in a ban on international trade 
of citrus commodities from China. The outbreak was reported by “The China Daily” 
in its headlines to highlight the serious damage to the citrus industry (Liu et al. 2015). 

Similarly, B. minax is a major pest in the eastern Himalayan kingdom of Bhutan, 
where mandarin Citrus reticulata Blanco is one of the major fruit crops. Crop losses 
caused by B. minax infestation ranging from 35 to 75% are common in mid- and high- 
altitude orchards (71100 m), and the fly is considered as one of the major barriers to 
citrus production (van Schoubroeck 1999; Dorji et al. 2006; Xia et al. 2018). 


Figure 2. Female Bactrocera minax using its elongated ovipositor to lay its eggs into small 
green citrus fruit (20~30 mm diameter). 
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1.2. Taxonomy, Distribution and Host Plants 


The Chinese citrus fly was for the first time described in 1920 from specimens 
collected from Sikkim, India by Enderlein and named Polistomimetes minax 
(Thompson 1998). In 1940, the species was also collected in Sichuan Province, 
China. Drew (1979) provided a detailed description of the B. minax based on the 
specimens collected in 1920 and placing the species in the subgenus Bactrocera 
(Polistomimetes). 

Subsequently, a lectotype of B. minax was ascribed to the subgenus Bactrocera 
(Tetradacus) by White and Wang (1992), who also recorded that Bactrocera citri 
Chen should be regarded as a junior synonym of B. minax. The fly is currently placed 
in the subgenus Bactrocera (Tetradacus), a small monophyletic clade evolutionary 
basal to all other Bactrocera species (Krosch et al. 2012). 

Currently, B. minax is regarded as present in Bhutan, China, India (West Bengal 
and Sikkim), Nepal, and Viet Nam (Dorji et al. 2006; Drew et al. 2006). The host 
range of Chinese citrus fly is almost exclusively restricted to Citrus species and 
varieties. It has been recorded in citron Citrus medica L., lemon Citrus limon (L.) 
Burman f., meiwa kumquat Fortunella crassifolia Swingle, pummelo Citrus maxima 
(Burm.) Merr., sour orange Citrus aurantium L., sweet orange Citrus sinensis (L.) 
Osbeck, tangerine Citrus reticulata Blanco, navel orange Citrus sinensis Osb. var. 
brasiliensis Tanaka, pyunkyul Citrus tangerina Hort. ex Tanaka, grapefruit Citrus 
paradisi Macfad., and trifoliate orange Poncirus trifoliata L. (Nath 1972; Chao and 
Ming 1986; Liu et al. 2014). Among these, the preferred citrus host plant is sweet 
orange (Liu et al. 2014). 


2. BIOLOGY AND LIFE CYCLE 
2.1. Seasonal Phenology 


The phenology of B. minax’s life cycle may vary subtly depending on local climate 
conditions. However, the general pattern appears quite fixed. Based on the population 
of B. minax in Guizhou, China and in Bhutan, we summarize the life cycle of B. 
minax as follows: 

1. The female oviposits eggs in small unripe fruit from mid-June to mid-July. 
Usually it takes two months for the eggs to hatch, much longer than other species in 
the Bactrocera genus; the eggs hatch in late August, after which the larvae go through 
three larval instars. 

2. The larval stage lasts until the end of October, which is then followed by a 
pupal stage. 

3. To survive the cold winter temperatures, the pupae enter a six-month 
overwintering diapause. 

4. Adult emergence usually begins in May and mating starts about 25 to 30 days 
after adult emergence (Wang and Luo 1995; Dorji et al. 2006). 
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2.2. Eggs of B. minax 


The egg of B. minax is milky white, oblong and curved in shape, slightly pointed at 
one end and round at the other. It has a length of 1.1 to 1.5 mm and a maximum width 
of 0.2 to 0.4 mm (Sun 1961). Female B. minax lay eggs in clutches. Usually, each 
female oviposits about 14 to 17 eggs per oviposition event, with a maximum of 35 
eggs per clutch. During its lifetime, a female can produce more than 100 eggs (Zhang 
1989). After depositing eggs, the fruit surface is covered with juice around the 
oviposition wound. In the beginning, this juice is transparent to translucent for one 
to three days, then it gradually becomes yellow. The oviposition site bulges out, 
cracks and fruit skin around the oviposition site turns yellow to crimson-purple 
(Wang and Zhang 1993). Egg hatch starts in July and reaches its peak in late August 
(Xiong et al. 2016). 


2.3. Larvae of B. minax 


After eclosion, the larva feeds internally on the citrus flesh. The mature larva is milky 
white or pale yellow, 15 to 18 mm long, conical in shape and nearly transparent at 
one end. The mouth is equipped with sclerotized mouth hooks, and the body has 11 
segments. The larval stage lasts 52 to 72 days depending on temperature, with an 
average of 63 days (Lu et al. 1997). Young larvae usually feed in a small group on a 
single fruit segment, later spreading to other segments: the average number of larvae 
in an infected fruit is 9.5 (Zhang 1989). Larval infestation leads to premature fruit- 
fall from October to November (Liu et al. 2015). 

The larvae stay within the fruit for about 18-52 days after fruit drop. Such a long 
pre-pupal period is very unusual among the Dacinae and it suggests that long larval 
development occurs after fruit drop (Dorji et al. 2006). A mature, third instar larva 
usually leaves the fruit in the early morning and pupates within a day. Pupation starts 
in late October and reaches a peak in early to mid-November (Dong et al. 2013; Chen 
et al. 2016). 


2.4. Pupae of B. minax 


The mature third instar larva pupates in the soil at 3 to 5 cm depth (Zhang 1989; Dorji 
et al. 2006). The long overwintering pupal diapause in B. minax is highly unusual 
within the genus Bactrocera and is considered as an adaptive strategy to survive the 
cold winter periods which occur in its native range (Fan et al. 1994). In Yichang city, 
where B. minax is present, the mean winter temperature usually ranges from 5 to 15 
°C (Dong et al. 2013). The overwintering pupal phase lasts for 160-170 days, with 
the emergence of adults synchronised with the early fruiting season of citrus (Wang 
and Luo 1995). The pupa of B. minax is 9 to 10 mm long with a diameter of 4 mm, 
weight average of 77.5 mg. It is oval in shape and yellow-brown in colour. Prior to 
adult emergence, the pupal case becomes slightly dark brown (Zhang 1989; Wang 
and Luo 1995). 
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2.5. Diapause Termination in B. minax 


Research on the development of efficient and sustainable B. minax management 
techniques 1s still very difficult because the fly has only one generation per year, 
accompanied by six months of pupal diapause (White and Wang 1992; van 
Schoubroeck 1999). This bottleneck made the mass-production of this fly very 
difficult, thereby limiting research capability and its potential use in area-wide 
integrated pest management (AW-IPM) programmes that have a Sterile Insect 
Technique (SIT) component (Lü et al. 2014). Therefore, options to break the diapause 
are considered essential for research and the development of the SIT package for this 
fly (see Section 4.2.3). 

Pupal diapause is usually an evolved response in univoltine temperate tephritids 
in order to survive harsh environmental conditions and seasonal periods of host 
scarcity (Teixeira and Polavarapu 2001, 2005; Ragland et al. 2009; Papanastasiou et 
al. 2011; Moraiti et al. 2012). In B. minax pupal diapause is a vital strategy to tolerate 
cold stress and face the seasonal adversity. Research into the underlying mechanisms 
in terms of diapause termination, such as major cellular shifts, protein processing, 
differentially expressed genes and pathways, are still ongoing (Lü et al. 2014; Dong 
et al. 2014a; Wang et al. 2016, 2017). 

Pupal diapause in B. minax is influenced by both chilling temperature and 
duration. A higher chilling temperature, coupled with longer chilling duration, results 
in a shorter pupal developmental time and improves the synchronisation of adult 
emergence (Dong et al. 2013). Apart from providing this chilling exposure, hormonal 
application of 20-hydroxyecdysone (20E) is considered a faster and more efficient 
method to break pupal diapause in B. minax (Dong et al. 2014a; Wang et al. 2014; 
Chen et al. 2016). Either injection or topical application of 20E can trigger a rapid 
termination of the pupal diapause in B. minax and the morphological changes are 
observed within 1 week at 22?C. On the tenth day after 20E treatment, the head, 
thorax and abdomen of the insect can clearly be distinguished, and the colour of body 
and eyes are milky (Chen et al. 2016). The 20E early-response genes, including ecr, 
broad and foxo, are up-regulated within 72 h of 20E exposure, indicating these genes 
are involved in diapause termination processes and pupal metamorphosis (Chen et al. 
2016). 

The gene sets involved in protein and energy metabolisms vary throughout early- 
late- and post-diapause insects in response to cold stress. When diapause is 
terminated by 20E, many genes involved in ribosome and metabolic pathways are 
differentially expressed, which may mediate diapause transition (Dong et al. 2014a). 
The variation of transcriptomic and metabolomic profiles of pupae at five stages (pre- 
, early-, middle-, late-, and post-diapause) suggests major shifts in metabolism and 
signal transduction, as well as changes in the endocrine and digestive systems. Nine 
metabolites significantly contribute to the variation in the metabolomic profiles, 
especially proline and trehalose, which are well-known cryoprotective agents (Wang 
et al. 2017). 
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2.6. Adults of B. minax 


The adult fly is 10 to 13.2 mm long, not including the female ovipositor, with a 
wingspan of ~10.8 mm (Drew 1979). The female possesses a long ovipositor of 
approximately 6.5 mm. The flies are of a brownish colour with yellow markings, the 
wings have a dark band along the outer margin, and the general appearance is wasp- 
like (Chen and Xie 1955). A morphological description of the adult is provided in 
Drew et al. (2007), who also note that the fly is probably the largest of all Bactrocera 
species (Fig. 2). 


3. BEHAVIOUR AND ECOLOGY 


Since the Chinese citrus fly is not attracted to methyl eugenol or cue-lure as are many 
species of the genus Bactrocera, thorough behavioural and ecological studies have 
been carried out over the past years in order to develop effective monitoring and 
control strategies in the long run. 


3.1. Feeding Behaviour 


It is well known that for most studied tephritid species, both males and females are 
anautogenous and forage for sugar and protein to fuel metabolic activities and to meet 
reproductive requirements (Aluja and Norrbom 1999; Drew and Yuval 2000; Taylor 
et al. 2013). Females need a protein diet for vitellogenesis and ovarian development 
(Harwood et al. 2015), while males feed on protein to reach sexual maturity leading 
to copulation which is crucial in achieving reproduction (Lushchak et al. 2013). Adult 
B. minax forage on non-host plants for honeydew, nectar, sooty mould and fruit juices 
to meet their dietary requirements during sexual maturation. The flies then shift to 
licking sooty moulds, bird faeces and, to a lesser extent, an unknown substance 
(probably leaf phylloplane bacteria and plant leachates) on citrus leaves and fruits 
during the mating and oviposition period (Hendrichs et al. 1993; Dong et al. 2014b). 


3.2. Mating Behaviour 


Male aggression and territoriality have been reported as a typical behaviour in some 
Bactrocera species (Shelly 1999; Weldon 2005; Benelli et al. 2014, 2015). For most 
tropical polyphagous Bactrocera species, males aggregate at a common place on 
foliage to attract and court females for mating, i.e. a non-resource-based lek mating 
system (Emlen and Oring 1977; Maan and Seehausen 2011). However, in B. minax, 
as in many temperate and oligophagous tephritids, male courtship behaviour is absent 
and the mating system is a resource-based defence polygyny, consisting of two 
phases: 1) males defend a resource (host fruit) (intrasexual selection), 2) where 
copulation takes place (intersexual selection) (Opp et al. 1996). In the wild, all mating 
events take place on citrus fruit (Dong et al. 2014b). Territory formation and 
copulation usually occurs on immature green fruits. It has been suggested that male 
flies that try to copulate in the vicinity of the ovipositional site have more chances to 
encounter and court receptive females (Prokopy 1976; Smith and Prokopy 1980). 
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Mating behaviour in B. minax is closely synchronised with the host fruiting 
season and has been described in the field as follows: (1) the male establishes its 
territory close to a potential oviposition substrate (citrus fruit); (ii) the female lands 
on the fruit and begins inspection and ovipositor probing on the fruit surface; and 
(iii), the male mounts and copulates with the female (Dong et al. 2014b). In this 
mating system females face trade-offs associated with the cost of additional, 
apparently unneeded matings on each fruit in return for access to resources. Like in 
the case of Rhagoletis species the resource is assumed to be the oviposition site (Opp 
et al. 1996; Opp and Prokopy 2000; Prokopy and Papaj 2000). 


3.3. Oviposition and Host Preference 


In tephritids, fruit flies use different cues for host finding behaviour and egg-laying 
behaviour. Usually, long-distance volatile chemicals are important before landing on 
host trees, visual stimuli act as short range once on the tree and contact chemicals on 
and inside host fruit influence female egg-laying decision. 

Bactrocera minax oviposits solely into citrus fruits (Family Rutaceae) (Wang and 
Luo 1995; Dong et al. 2013). It is a large, powerful insect with a long ovipositor 
adapted for piercing through the thick skin of young, green citrus fruit (Liu and Zhou 
2016). Visual cues including fruit shape, colour, and size are important for host 
finding (Prokopy and Owens 1983; Piñero et al. 2017). On the other hand, the egg- 
laying behaviour is greatly influenced by chemical stimuli, for example, 
semiochemicals, sugar content, levels of secondary plant compounds and physical 
properties of fruit (Bush 1969). The preference of B. minax oviposition on different 
citrus varieties is as follows, Citrus sinensis cv. Navel and C. aurantium > C. sinensis 
cv. Bintang, Amakusa and C. reticulata cv. Satsuma > C. maxima cv. Shatian > C. 
reticulata cv. Ponka. This ovipositional preference is positively correlated with larval 
survival and development; while in the field greater egg-laying occurs on those citrus 
fruits which are close to the surrounding vegetation and trees (Liu et al. 2014). 


3.3.1. Visual Cues (Colour, Shape, and Size) for Oviposition 

The hardness of a citrus fruit peel has an impact on the female insect's decision to 
oviposit (Lin et al. 2011). On the basis of egg oviposition marks on citrus fruit, it 
appears that B. minax significantly prefers to oviposit on the distal hemisphere rather 
than the basal hemisphere (Liu and Zhou 2016). Apart from peel hardness, the 
ovipositional behaviour of tephritid female flies is also influenced by fruit colour and 
shape (Alyokhin et al. 2000). It has been shown that tephritid flies respond to fruit- 
mimics of the same colour or reflecting similar levels of light than host fruit of a 
particular fly species (Aluja and Norrbom 1999). For example, the Queensland fruit 
fly Bactrocera tryoni (Froggatt) showed attraction to spheres painted with cobalt blue 
pigments, which reflected the same UV spectrum as favoured blue-coloured host 
fruits occuring in its native rainforest environment (Drew et al. 2003). The oriental 
fruit fly Bactrocera dorsalis (Hendel) is attracted to white-yellow colour (Vargas et 
al. 1991) and the apple maggot Rhagoletis pomonella (Walsh), a pest of apples, is 
attracted to fruit-mimicking traps such as a red sphere (Duan and Prokopy 1995). 
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Both sexes of B. minax are attracted to orange or yellow/green spheres of 50 mm 
diameter (Drew et al. 2006). However, we found that B. minax adults prefer green 
over other colours, and this preference is significantly increased in sexually mature 
flies over immature flies (author submitted results). 


3.3.2. Chemical Cues (Semiochemicals) for Oviposition 
Chemical cues play an important role in foraging and oviposition of fruit flies (Sarles 
et al. 2015), and these chemicals are widely exploited in integrated pest management 
(Shrivastava et al. 2010). For example, the application of oviposition marking 
pheromone reduced Rhagoletis cerasi L. infestation up to 100% in cherry orchards 
(Katsoyannos and Boller 1976; Boller and Hurther 1998). Together with visual cues, 
semiochemical cues may also influence host finding and egg-laying of B. minax. The 
peel odours of different varieties of orange preferred by B. minax produce different 
volatile blends, including acids, aldehydes, alcohols, and oils. It is presumed that 
these volatile compounds directly influence the olfactory orientation of B. minax 
females. However, there is as yet no proof if these volatiles released by host plants 
have a direct impact on the oviposition preference of B. minax (Liu and Zhou 2016). 
From the perspective of the biology, ecology and behaviour, B. minax is more 
reminiscent of flies in the temperate genus Rhagoletis than other pest species in the 
Bactrocera genus. Therefore, some components of pest management can be drawn 
from the extensive scientific literature on apple maggot fly R. pomonella, European 
cherry fruit fly Rhagoletis cerasi, and other fruit flies (Vargas et al. 2016). For 
example, the application of fruit volatiles in conjunction with visual traps may yield 
good results for the control of B. minax. 


4. TOWARDS THE AREA-WIDE MANAGEMENT OF B. MINAX 


Several different control tactics have been used to manage populations of the Chinese 
citrus fly. These include chemical control and “attract and kill” techniques using 
protein/food baits and fruit-mimicking traps. In addition, pilot trials of the Sterile 
Insect Technique (SIT) have been assessed for B. minax control (Wang et al. 1990; 
Wang and Luo 1995), and farmers in China and Bhutan have adopted locally 
developed suppression techniques. 


4.1. Use of Chemicals 


Pesticide applications (cover sprays) are the most commonly used conventional 
control practices against insects pests, especially in the case of outbreaks. Though 
they are effective in reducing the losses caused by fruit fly infestation, the negative 
impacts of pesticides on humans, the environment and non-target organisms have 
raised much concern. Different insecticides have been used to suppress B. minax 
populations, including phoxim, dichlorvos, chlorpyrifos, abamectin, botanically 
derived pesticides, and pyrethroids. Amongst these, abamectin and dichlorvos proved 
to have the highest and lowest toxicity, respectively. However, chlorpyrifos had the 
strongest effect on pupae, and phoxim had the strongest influence on emergence. 
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These chemicals are not recommended due to toxicity to non-target organisms and 
long residual effects, but they are effective against B. minax (Liu et al. 2015). 


4.2. Eco-friendly Management 


4.2.1. Field Sanitation 

Field sanitation is an effective and important strategy to reduce B. minax populations 
for the next fruiting season. The collection of infested fruits from the ground every 
week from mid-September to late-November is essential to remove the breeding 
population from orchards. The protocol demands that these infested fruits are 
transferred into thick plastic bags (20-25 kg per bag), that can be supplemented with 
aluminium phosphide to facilitate the killing of larvae. However, this is not critical 
if the bags are kept in the field under the sun for 7-10 days. Finally, the rotting fruits 
serve as fertilizer. The plastic bags can be recycled and used again (Liu et al. 2011; 
Li et al. 2013). 

In Bhutan, cultural practices such as the application of soil tillage, along with 
natural predation (pupae picking by birds), seem to have a role in reducing the 
number of pupae. However, this reduction is not significant. Thus, it is not 
recommended as the only control measure for reducing the overall B. minax 
population in the wild (Dorji et al. 2010). 


4.2.2. Protein and Food Baits 

Spraying a mixture of protein bait, with a small quantity of insecticide added, has 
proven to be an effective strategy for large-scale control of fruit fly populations 
(Conway and Forrester 2011). Bait sprays are effective for fruit fly population control 
as newly emerged females require protein to become sexually mature (Perez-Staples 
et al. 2007; McQuate 2009). In China, it is a widely accepted approach for the farmers 
to use vinegar, sugar and wine mixtures, plus detergent, as baits station/spots spray 
for the control of B. minax, which is simple and cheap (Zhou et al. 2012). Attractants 
such as GF-120, and other locally available commercial products, are also used for 
the suppression of the Chinese citrus fly. Fresh enzymatically-hydrolysed beer yeast 
(H-protein) liquid protein bait effectively attracted and killed more B. minax flies 
than GF-120 sprayed in the field (Zhou et al. 2012). 


4.2.3. Use of Fruit-Mimicking Traps 

Usually semiochemicals and plant derived volatiles are used to trap fruit flies (Díaz- 
Fleischer et al. 2014), but the males of B. minax are not attracted to either of the 
standard Bactrocera male lures (i.e. methyl eugenol and cue-lure) (Drew et al. 2006). 
Visual traps have been used as an alternative, and in Bhutan, both sexes of the fly 
were most attracted to green-yellow or orange fruit-mimicking spheres in the field 
(Drew et al. 2006). In recent years, a specific fruit-mimicking trap (spherical green 
sticky trap) has been developed and widely applied to monitor and control B. minax 
in China. After field deployment of spherical traps in sweet orange orchards in Zigui, 
China, the infested fruit rate dropped to 2.7% compared with 28.6% in untreated 
control orchards (Yi et al. 2015). Efficiency of the control effort was closely 
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associated with appropriate trap deployment density and time (Chen et al. 2017). 
Considering the cost of commercial traps, as well as efficacy, spherical green sticky 
traps with a diameter of 7 cm were recommended at a deployment rate of 20~30 traps 
per 1000 m? in citrus orchards (Chen et al. 2017; Gong et al. 2017). 


4.2.4. Sterile Insect Technique (SIT) 

The SIT has been successfully used to manage fruit flies including Ceratitis capitata 
(Wiederman), B. dorsalis, the melon fly Zeugodacus cucurbitae (Coquillett) and the 
Mexican fruit fly Anastrepha ludens (Loew) (Calkins et al. 1994; Koyama et al. 2004; 
Dhillo et al. 2005; Enkerlin et al. 2017). In AW-IPM programmes that have an SIT 
component, the production of sterile insects in large numbers is of paramount 
importance (Enkerlin 2021). Sterilisation can be achieved by irradiation or genetic 
manipulation. Irradiating B. minax pupa two days before emergence with a dose of 
90 Gy is recommended to ensure adult sterility (Zhang and Li 1990). 

Due to the serious damage in major citrus production regions in China, a mass- 
release of sterilized B. minax flies was carried out in Guizhou, China in the late 1980s 
and early 1990s. In these pilot projects, mature 37 instar larvae were collected in fruit 
from the field and then allowed to pupate in the lab (Wang et al. 1990; Wang and 
Luo 1995). Although the SIT trials in Guizhou Province resulted in a significant 
reduction of the pest population (Wang et al. 1990; Wang and Luo 1995), the 
technology is so far not integrated into B. minax control programmes in China. This 
is mainly related to problems with the development of mass-rearing methods due to 
technical barriers such as the extreme long pupal diapause period. This is the reason 
that there is currently no foreseeable plan for an SIT approach against B. minax, 
although the selection of non-diapausing strains 1s being explored. 


4.2.5. Natural Enemies 

Knowledge on the parasitoids associated with the Chinese citrus fly remains very 
scarce. Only one parasitoid, Diachasmimorpha feijeni van Achterberg, has been 
associated with this fly in Bhutan (van Achterberg 1999) and in China (authors' 
unpublished data). However, there is still no detailed information available on the 
parasitoid's interactions with Chinese citrus fly or the potential for parasitoid 
manipulation. 


4.2.6. From Pilot Trials to Area-Wide Management in China 

Since 2009, the Ministry of Agriculture and National Agro-Tech Extension and 
Service Center of China has promoted and organized annual nation-wide conferences 
and training courses on tephritid control for local technicians and farmers, with the 
aim to educate and transfer new developments and technologies. Over the years, pilot 
trials of AW-IPM approaches against B. minax have been implemented in the 
provinces of Guizhou, Hubei, Hunan, Shanxi, and Sichuan where B. minax is a 
serious pest. The validated demonstration practices in the main citrus producing 
regions led to the establishment of a B. minax AW-IPM programme in China. 
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In the beginning of every year, the Ministry of Agriculture announces and issues 
online management programmes for B. minax control, along with that for other major 
agricultural pests, to facilitate the sustainable management of the pests. In the case of 
B. minax, the integrated environmental-friendly measures can be summarized as 
follows: 

e First, population monitoring in April using field traps and pupal emergence cages, 
aimed at accurately identifying the timing of pupal developmental state and adult 
emergence, is carried out by local plant protection stations annually: this is critical 
to guide the implementation of control practices. 

e Second, “attract and kill" strategies are applied from May to July including the 
systematic use of spherical green sticky traps, protein bait sprays and sugar- 
vinegar-wine liquid in bait stations or spot sprays. 

e Third, field sanitation of habitats/orchards by removing the fallen and infested 
fruits and weeds from September to November has proved to be an important and 
effective population control measure. Recyclable plastic bags are widely adopted 
to keep-and-kill the mature larvae by a combination of hypoxia and heat. 

Thus, through years of continuous efforts in AW-IPM of B. minax, significant 
progress has been achieved in suppressing B. minax populations to a level resulting in 
less than 5% of infested commercial fruit and a reduction in the use of synthetic 
pesticides by 60-80%. The B. minax AW-IPM programme will now be complying 
with national standards for ‘green control’, which results in notable direct and indirect 
economic, ecological and social benefits for China. 


5. FUTURE PERSPECTIVES 


With increased understanding of the biology and behaviour of B. minax, effective 
operational AW-IPM strategies against this pest have been established in China and 
Bhutan. However, SIT and natural enemies have not yet been exploited due to various 
biological and physiological obstacles. Great efforts are required to overcome these 
gaps for the future sustainable management of B. minax: 

1. Mass-rearing of B. minax still remains a big challenge considering its 
univoltine and oligophagous traits. Future work should be focused on improving (a) 
understanding of egg hatch and (b) artificial diet formulation for the newly hatched 
young larvae. 

2. Little information has been published on the insect-plant interactions of B. 
minax. It is widely known that the adults have a close relationship with Citrus spp., 
but how these adults utilize visual, olfactory and tactile cues to orientate to host plants 
for mating and oviposition has received very little attention. 

3. Symbiotic organisms, including Wolbachia (Stouthamer et al. 1999), that affect 
biology and reproduction of B. minax should be characterized. A thorough screening 
of microorganisms by culture-dependent and high-throughput technology, in 
combination with related functional studies, will help to better understand the 
complex relationship between symbionts and B. minax. Such knowledge may lead to 
potential development and application of the Incompatible Insect Technique (IIT) 
(Zabalou et al. 2004). 
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4. Natural enemies have not been used as a component of AW-IPM against B. 
minax most likely because very little knowledge is available about them and their 
effectiveness. The possible synchronised diapause of parasitoids and B. minax pupae 
needs to be investigated. In addition, other agents such as predators or fungi causing 
pupal mortality deserve to be further investigated. 

5. There are currently no effective semiochemical or plant derived volatile lures 
to attract B. minax males or females available. The volatile chemicals from the host 
fruits, as well as a sex attractant for monitoring and mass-trapping the Chinese citrus 
fly, urgently needs to be identified and exploited. 

6. The growing published online resources on transcriptome, proteome, and 
genome of B. minax, RNA interference and CRISPR-Cas9 technologies targeting 
specific gene functions, will facilitate further investigations of molecular 
mechanisms responsible for the biology, behaviour, physiology and evolution of the 
Chinese citrus fly. The comprehensive understanding of B. minax is the most 
promising way to develop sustainable management of this economically important 
citrus pest in the long run. 
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SUMMARY 


The chapter presents an overview of fruit fly (Tephritidae) pests and their economic impact in the Latin 
America and Caribbean (LAC) region, with a focus on the damage they inflict to horticultural production, 
as well as national and international commercialization. It reviews global trends that have favoured the 
establishment of several invasive fruit fly species in the region and the need to avoid further transboundary 
movement of invasive species. It also discusses the opportunities to increase fruit and vegetable production 
in the region despite the fruit fly problem and how integrated fruit fly management approaches within the 
framework of the International Plant Protection Convention (IPPC) can be applied for effective fruit fly 
control and to facilitate the international commercialization of horticultural commodities. The need for 
increased consumption of fruit and vegetables worldwide and in the Latin America and Caribbean region 
to mitigate the growing incidence of non-communicable diseases is discussed, as well as the trends in 
human population growth that will require increased provision of adequate diets. It also discusses the 
opportunities for Latin America and Caribbean countries to commercialize produce taking advantage of the 
global trend towards healthier food and less animal protein consumption. It presents available mechanisms 
for technical cooperation that facilitate technology transfer for more sustainable area-wide fruit fly 
management. It also provides case examples in the Latin America and Caribbean region of successful area- 
wide fruit fly programmes that have increased production, opened markets and generated significant return 
on investment, as well as job opportunities. Future perspectives and challenges to address the fruit fly 
problem in the Latin America and Caribbean region are described. 


Key Words: Tephritidae, Anastrepha, Bactrocera, Ceratitis, Rhagoletis, Caribbean, Central America, South 
America, invasive, horticultural exports, losses, pest free areas, fruit and vegetable demand, economic 
impact 
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1. INTRODUCTION 


Among the most important Sustainable Development Goals (SDGs), established by 
the United Nations in 2015, are: No Poverty, Zero Hunger, Good Health and Well- 
Being, and Life on Land (UN 2015). 

Food is a common thread linking all 17 SDGs, given the interconnected economic, 
social and environmental dimensions of food systems (EIU 2018). Policy makers, 
politicians, health officials, and entrepreneurs are currently faced with the need to end 
hunger, achieve food security and improve nutrition, which are key steps toward 
sustainable development (UN 2016). 

Food insecurity is one of the main challenges the world is facing to achieve the 
2030 set milestones for at least these SDGs. Food insecurity is defined by the Food 
and Agriculture Organization of the United Nations (FAO) as the: 


"situation when people lack secure access to sufficient amounts of safe and nutritious 
food for normal growth and development and an active and healthy life" 
(FAO/IFAD/UNICEF/WFP/WHO 2017). 


Globally, the total number of people defined as moderately or severely food 
insecure was nearly 1.8 billion in 2015. On the other hand, over the next four decades, 
the world's population is forecast to increase by 2 billion people to exceed 9 billion 
by 2050 (Worldometers 2019). 

Recent estimates indicate that to meet the projected food demand, global 
agricultural production will have to increase by 25-70% from its 2005-2007 levels, 
while nutrient losses and greenhouse gas emissions from agriculture must drop 
dramatically to restore and maintain the functioning of ecosystems (Hunter et al. 
2017). 

No one can question that pests, in particular insects, are significantly contributing 
to food insecurity worldwide. On average, insect pests are responsible for substantial 
pre- and post-harvest losses of horticultural products estimated according to some 
sources at least 18 to 2096 at an annual estimated value of USD 470 billion (Sharma 
et al. 2017). 

Losses are considerably higher in the developing world, especially, in the tropics 
of Africa, Asia and Latin America where pest control practices are much less effective 
and where most of the human population increase is expected. Moreover, the human 
population is facing an epidemic increase of non-communicable diseases due to 
insufficient consumption of fruit and vegetables among others (Hall et al. 2009). 
Treating these diseases between now and 2030 will cost USD 30 trillion globally 
(Nierenberg 2018). 
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Due to the climatic and soil conditions, the countries of Latin America could 
produce fruit and vegetables in larger quantities and at improved quality, taking 
advantage of the increasing demand from an increasing human population in the 
region and the world. The increased production of fruit and vegetables would further 
develop the horticultural industry creating diversification of the region's income. 
However, to take full advantage of the opportunity, a number of insect pest problems 
need to be addressed and overcome. 

From the list of so-called key pests of agriculture, some fruit fly species are 
considered among the most devastating insects pests. They cause direct damage to 
horticultural production by reducing yields and indirect damage by disrupting national 
and international trade (White and Elson-Harris 1992). For example, the devastating 
impact of fruit flies in Africa, including direct damage to horticultural production and 
bans on trade, result in estimated losses of at least USD 2 billion annually on this 
continent alone (Ekesi et al. 2016). By preventing and significantly reducing fruit fly 
damage by means of effective and environment-friendly pest control measures, 
additional food supply would be made available, contributing to alleviating the large 
global deficit projected by 2050 (Hunter et al. 2017). 

To reduce the transboundary risks and global burdens caused by invasive pests 
and at the same time continue facilitating international trade of horticultural products, 
the World Trade Organization (WTO) provides an instrument through its Agreement 
on Sanitary and Phytosanitary Measures (SPS). The SPS agreement is enforced by the 
International Plant Protection Convention (IPPC), based at FAO, and its contracting 
parties. The IPPC drafts and adopts International Standards for Phytosanitary 
Measures (ISPMs), aimed at providing a framework to the contracting parties for best 
practices in pest control and for mitigating pest risk in international trade. This 
includes a number of ISPMs specifically for fruit flies that have been recently 
harmonized in one suit of ISPMs to facilitate interpretation and use by IPPC 
contracting parties, as will be presented and discussed later. 

This chapter presents a summary of the tephritid fruit fly pests and their economic 
impact in the Latin America and Caribbean (LAC) region. The main focus is on the 
damage they inflict to horticultural production and commercialization in the region, 
as well as on area-wide integrated pest management (AW-IPM) strategies for fruit 
flies that are applied, based on the international phytosanitary framework, for 
effective fruit fly control and to facilitate the commercialization of horticultural 
commodities. 


2. FRUIT FLIES AND THEIR ECONOMIC IMPACT WORLDWIDE 
2.1. Numbers and Current Distribution 


To date, worldwide, approximately 4223 fruit fly species have been identified 
belonging to around 500 genera (Norrbom et al. 1998). From the total recorded so far, 
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250 species (less than 6%) are of some economic importance and from these, only 
some 78 species (1.8%) in 11 genera can be classified of major economic and 
quarantine significance (FAO/IAEA 2019). Nevertheless, the damage inflicted by 
these species to the horticultural industry worldwide is devastating, amounting to 
billions of US dollars every year. 

These pests are found in almost all fruit and vegetable growing areas in all 
continents with the exception of the Antarctic (White and Elson-Harris 1992). The 
most important genera include: Anastrepha (Schiner), Bactrocera (Macquart), 
Ceratitis  (MacLey), Dacus (Fabricius), Rhagoletis (Loew), Toxotrypana 
(Gerstaecker) (recently synonymised with Anastrepha) and Zeugodacus (Hendel). 
The genus Anastrepha and corresponding species are indigenous to the Americas, the 
Bactrocera to Asia and Oceania/Australia, the Dacus and Ceratitis to Africa, 
Rhagoletis to more temperate areas of Europe, North and South America, and the 
Zeugodacus to Asia. 

Some fruit fly species belonging to these genera inflict serious economic damage 
to the horticultural industry in the countries and regions of endemism. With some 
exceptions (some temperate species), fruit fly pests are polyphagous, infesting a wide 
range of host species including some of the fruits and vegetables with the highest 
commercial value. Fruit flies have a high reproductive rate; thus, can produce several 
generations per year. These characteristics place fruit flies among the most important 
group of insect pests affecting horticultural production and trade worldwide. Fruit 
flies cause damage by laying eggs inside horticultural crops after which larvae hatch 
and feed on the mesocarp. As a result, infested fruits will prematurely drop from the 
tree or remain on the tree until harvest. 

Depending on the fruit fly species and host, damage can range from 10 to nearly 
100% of the crop when effective control practices are not implemented. In addition to 
the direct damage on fruits and vegetables, and significant yield reduction, fruit fly 
presence may seriously disrupt trade by quarantine restrictions imposed by importing 
countries which are free of the pests. This is illustrated by the recent case in the 
Dominican Republic where the Mediterranean fruit fly Ceratitis capitata 
(Wiedemann) was detected in 2015 and ten months later USD 40 million had been 
lost due to an immediate ban to Dominican exports imposed by importing countries 
(Zavala-López et al., this volume). 

Fruit flies are effective invaders capable of spreading and establishing in regions 
outside their natural distribution range. For example, the oriental fruit fly Bactrocera 
dorsalis (Hendel) is an Asian species of great economic importance, infesting some 
200 species of fruits and vegetables and causing direct losses estimated in millions of 
US dollars/year. Over the last decade, this species has invaded sub-Saharan Africa, 
causing losses ranging from 30 to 100% in some fruit crops such as mango, closing 
trade routes and triggering the loss of export opportunities that are vital for both the 
smallholder farmers and the more commercial fruit industry in the continent (Ekesi et 
al. 2016). 
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Other classic examples of fruit fly tephritid pest species spreading outside their 
natural distribution range and causing significant damage include the Mediterranean 
fruit fly, spreading from Central and North Africa to Europe, the Americas, Indian 
Ocean and Oceania (Gutiérrez-Samperio 1976); the melon fly Zeugodacus cucurbitae 
(Coquillet) spreading from Southeast Asia into Central Africa, and the Indian and 
Pacific Oceans (FAO/IAEA 2019); the peach fruit fly Bactrocera zonata (Saunders) 
spreading from Central Asia into North Africa and the Indian Ocean (FAO/IAEA 
2019); the olive fruit fly Bactrocera oleae (Rossi) invading California and northern 
Mexico (Yokohama 2015; and the carambola fruit fly Bactrocera carambolae (Drew 
& Hancock) spreading from Asia to Suriname (Malavasi et al. 2000). 


2.2. Factors that Contribute to Pest Movement and Establishment 


Global trends including increased travel and trade, human movement and climate 
change are positively correlated with the significant increase in transboundary 
movement of invasive insect pests. Hulmes (2009) estimates that in the past 200 years 
the rate of non-native species introductions has increased 76-fold. The way these 
factors affect the spread of invasive pests is briefly described below. 


2.2.1. Global Trade and Transport 


With open market economies developing further through the integration of countries 
into new economic blocks and the expansion of current economic regions, 
transboundary trade and transportation of goods, including agricultural commodities, 
has been increasing significantly and is expected to increase further. The commercial 
movement of goods results in effective pathways for invasive pest species such as 
fruit flies, which are moving along with the commodities that they infest. For example, 
an analysis to assess the risk of Mediterranean fruit fly incursions into California, 
USA, indicated that the pathways with the highest probability for pest introduction 
were air passengers and crew baggage from foreign countries, express mail carriers 
from Asia and Hawaii to California containing packages with small amounts of fruits 
sent to relatives living in communities around Los Angeles Basin and cargo ships 
from Central America and other foreign countries (USDA/APHIS 1992). 


2.2.2. Human Movement and Travel 


Humans crossing borders to escape from violence, hunger and lack of opportunities 
in their countries, is undeniably increasing. Unintentional movement of insect pests 
by migrating humans is also an effective pathway for disseminating and introducing 
invasive pests. This is particularly true for fruit fly pests, that are often moved in fruits 


166 P. RENDÓN AND W. ENKERLIN 


and vegetables that migrants carry as they travel for long distances across borders. 
Therefore, a rise in human movement and travel also results in an increased movement 
of invasive insect pest species that are not present in the country of transit or 
destination. 

Humans are not only moving more frequently and in larger numbers because of 
social pressure or economic reasons, but also, as standards of living increase, travel 
has been increasing for segments of the population who travel long distance for 
leisure. For example, the number of tourists arriving to the Americas from all over the 
world has increased from 109 million in 1995 to 192.6 million in 2015, i.e. an increase 
of more than 7596 in 20 years. Tourists often carry small amounts of fruits and 
vegetables to and from the site of destination, becoming effective pathways for 
invasive pests as well (Statista 2019). 


2.2.3. Climate Change 


Climate change plays an increasingly important role in the survival and establishment 
of invasive pests (Pimentel 2002). Some pest species which are of tropical and 
subtropical origin, are now able to survive in regions of the world where climate has 
been gradually changing from cold winters with freezing temperatures to milder 
winters. This has in many cases, allowed pest binvasion and expansion of their 
distributions into new territories. For example, in the past 25 years, the Mediterranean 
fruit fly has been expanding its geographic distribution from North Africa and South 
Europe, to Central and East Europe as average winter temperatures are raising (Bjelis 
et al. 2016). 

In addition, other factors related to climate change such as the increasing 
frequency of the El Niño Southern Oscillation (ENSO) in the tropics of Central and 
South America. Average temperatures increase, affecting biological cycles of pests 
by reducing development time and increasing the yearly numbers of generations and 
population density, thereby exacerbating pest problems. For example, the effects of 
the El Niño on Mediterranean fruit fly populations was assessed in Guatemala (Lira 
and Midgarden, this volume). This was done through modelling the increase by 
fractions in the average temperatures and observing the effect on population growth 
rates. A rapid and steep population growth exerts greater pressure over the 
containment barrier in southern Mexico that protects the Mediterranean fruit fly-free 
areas from infested areas in Central America. A positive correlation was observed 
during periods characterized as El Niño years, with increasing numbers of outbreaks 
in the Mediterranean fruit fly-free areas in northern Guatemala and the free areas in 
the state of Chiapas bordering Guatemala (Enkerlin et al. 2015). 

Another relevant factor contributing to invasive pest introductions is the increase 
in the frequency and intensity of tropical storms, with high speed winds easily 
disseminating invasive pests over very long distances (Bhattarai and Cronin 2014). 
Calamitous events, such as hurricanes, tidal waves/tsunamis, droughts, floods, civil 
strife, often result in mass-displacement of people that can promote pest movement. 
Aid and assistance brought in as relief can pose risks if perishable provisions are 
brought in from countries infested with non-native fruit fly species. 
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3. FRUIT FLIES AND THEIR ECONOMIC IMPORTANCE IN THE LAC 
REGION 


3.1. Fruit Flies in the Americas 


Of the total number of tephritid fruit fly recorded, roughly, 2396 (ca. 977 species) 
occur on the American continent. Most of them are present in the Neotropical region, 
extending from Mexico to Argentina (Norrbom et al. 1998). From this number of 
endemic species, around 15 (1.596) are of economic significance. 

Endemic to the more subtropical and tropical regions of the Americas is the genus 
Anastrepha with nine species known to be of economic significance, as follows: 
Mexican fruit fly A. ludens (Loew), West Indian fruit fly A. obliqua (Macquart), South 
American fruit fly (4. fraterculus Wiedemann) (a complex of about seven species 
with different hosts and behaviours), guava fruit fly (A. striata Schiner), sapote fruit 
fly A. serpentina (Wiedemann), inga fruit fly A. distincta Greene, Caribbean fruit fly 
A. suspensa (Loew), papaya fruit fly A. curvicauda (Gerstaecker) (formerly 
Toxotrypana curvicauda), and South American cucurbit fruit fly Anastrepha grandis 
(Macquart) (Weems Jr. et al. 2017; FAO/IAEA 2019). 

In most of the countries in the Latin American region, these fruit fly species are 
still largely responsible for reduced horticultural production yields and for 
commercial production being mostly marketed domestically (Enkerlin et al. 1989). 
Exports of fruit and vegetable commodities are limited as many markets, including 
lucrative foreign ones, maintain restrictions from countries where major fruit fly pests 
are known to occur. Where horticultural trade does occur, it is largely among countries 
within the region that share similar pest problems or must undergo post-harvest 
commodity treatments. 

For example, Mexico has more than one million hectares (ha) planted to fruit crops 
which are affected by fruit fly pests with an estimated annual production value of more 
than USD 4850 million (Gobierno de México 2018). The fruit industry is significantly 
hindered by fruit fly species, in particular by A. ludens, A. obliqua, A. striata and A. 
serpentina. In 1991, the annual direct damage caused by these indigenous fruit flies 
was estimated at more than USD 230 million despite control activities (Reyes et al. 
1991). To address this serious constraint in a more systematic and coordinated way, 
the National Plant Protection Organization (NPPO) of Mexico established in the early 
1990s the National Fruit Fly Campaign, which has effectively controlled fruit fly pests 
on an area-wide basis in large regions of the country, generating a very significant 
return on investment as discussed in Section 6.1.2 of this chapter (Reyes et al. 2000; 
IICA 2010; Gutiérrez-Ruelas et al. 2013). 

The genus Rhagoletis is also endemic to the Americas but is generally present in 
more temperate regions. The species of economic concern include: the eastern cherry 
fruit fly R. cingulata (Loew), the walnut husk fly R. completa Cresson, the black- 
bodied cherry fruit fly R. fausta (Osten Sacken), the western cherry fruit fly R. 
indifferens Curran, the blueberry maggot R. mendax Curran, and the apple maggot 
R. pomonella (Walsh). 
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All these species inflict serious economic damage to fruit production and 
commercialization. For example, a report has indicated that the overall domestic and 
export cost of R. pomonella could be USD 392.5 million annually in the state of 
Washington, USA (DEFRA 2018). The total reduction in net returns to producers 
from R. completa injured walnuts amounts from 50 to 75 % (Boyce 1934). 

In addition to the endemic fruit fly species, a number of non-native invasive 
species have invaded and become established in some parts of the Latin America and 
Caribbean region and are causing severe direct and indirect losses to the horticultural 
industries in the region (Fig. 1). 

From these species, the Mediterranean fruit fly is the most devastating as it 1s 
capable of infesting more than 300 species of fruits and vegetables (USDA/APHIS 
2019) and it is subject to rigorous quarantine restrictions by importing countries free 
from the pest (Fig. 2). This species is responsible for economic losses estimated at 
USD 242 million/year in Brazil alone (Oliveira et al. 2013). Moreover, citrus in 
Central America covers an area of approximately 84 000 ha; the damage without 
control has been estimated at 28% in orange, 50% in tangerine and 24% in grapefruit. 
The combined damage of the endemic A. ludens and A. obliqua and the non-native C. 
capitata in mango, Mangifera indica L. amounts from 15 to 2096 when left without 
control actions (Daxl 1978; Rhode et al. 1971; Vo et al. 2003). 


Olive fruit fly ye os | - 
California 1998 | = 2 e | Carambola fruit fly 
a M Suriname 1975 


Mediterranean fruit fly 
Costa Rica 1954 


Mediterranean 
fruit fly 
Brazil 1901 


Figure 1. Introductions, establishment and spread of non-native tephritid fruit fly species in 
the Americas. 
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Figure 2. Coffee berries are a host of the Mediterranean fruit fly. The coffee belt extends from 
southern Mexico to Brazil (photo from W. Enkerlin). 


Despite this serious fruit fly problem, as will be presented in Section 7, some 
countries in the Latin America and Caribbean region have been able to effectively 
control fruit fly pests and overcome trade barriers by establishing and maintaining 
fruit fly free and low prevalence areas through the systematic implementation of 
phytosanitary strategies, including AW-IPM strategies (Hendrichs et al. 2007), that in 
certain situations also integrate the Sterile Insect Technique (SIT). 


3.2. Current Situation of Horticultural Production in the LAC Region 


The Latin America and Caribbean region has a surface area of 19.2 million km? that 
represents nearly 13% of the Earth's surface and is currently home to 640 million 
inhabitants. The region has a wide range of climatic conditions, ecological zones, soil 
types and an overall positive balance in water supply (Peel et al. 2007). 

The favourable subtropical and tropical conditions of Latin America and 
Caribbean countries allow them to produce fruits and vegetables for their inhabitants 
as well as for export markets. The Latin America and Caribbean region is a net 
exporter of agricultural commodities to the world, with ca. 1696 of global food and 
agriculture exports between 2012 and 2014. The Latin America and Caribbean region 
has always maintained a strong comparative advantage in agricultural and in 
particular in horticultural production (World Bank 2013). 

The sustainability of food production is a desirable path that is being promoted, 
and the production of seasonal vegetables, and in particular fruits in orchards, not only 
allows regenerative agricultural processes (soil recovery, protection from erosion, 
CO» capture) to take place, but also results in a low ranking with respect to ecological 
footprints among foods (Nierenberg 2018). 
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Many Latin America and Caribbean countries have steadily increased their fruit 
and vegetable exports during the past years and have enjoyed increasing investments 
in the production of fruit and vegetables (Prensa Libre 2019). Experts have especially 
increased from fruit fly free and low prevalence areas, where investments of the 
horticultural industry are protected from the presence of native and non-native fruit 
fly species (SARH/DGSV-USDA/APHIS 1990; SAG 1996; SAGAR 1999; Braga 
Sobrinho et al. 2004; Noe-Pino 2016). 


3.3. LAC Region — The Need to Increase Horticultural Production 


Despite the progress made in the past decades in fruit and vegetable production in the 

Latin America and Caribbean region, it is certainly insufficient to face the challenges 

ahead, including satisfying the demand of an increasing population. The projected 

increase in human population in Latin America alone will require additional 

production of fruit and vegetables in order to provide it with adequate diet options 

(Fig. 3). The countries of the Latin America and Caribbean region are suffering in 

different degrees the ‘triple burden’ of malnutrition, which consists of: 

e Undernourishment, affecting 5.5% of the population in the region is (ca. 35 
million) 

e Micronutrient deficiencies, and 

e Overweight and obesity. 

Malnutrition results in an increase of non-communicable diseases, the incidence of 

which needs to be reduced (FAO 2017a). Fruits and vegetables are loaded with 

vitamins, minerals, antioxidants and fibre, which are considered to reduce many 

health problems, including cancer. However, fruit and vegetable consumption, even 

though less acute than in some other subtropical/tropical regions of the world, remains 

generally low (Hall et al. 2009). 


Millions of inhabitants 


2017 2020 2025 2030 2035 2040 2045 2050 
Years 


Figure 3. Projected human population increase in Latin-America 2017-2050 (based on data 
available at Worldometers 2019). 
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Fresh fruits and vegetables consumption could be increased by: 

1. Subsidies to reduce the fruit and vegetable prices 

2. Expanding access to healthy diets and income generation strategies (FAO 
20172), and 

3. Introducing new educational programmes regarding nutrition, and modification 
to policies and best practices, which range from the development of eating guidelines 
to imposing taxes that discourage unhealthy consumption patterns (EIU 2018). 
Combining all or parts of these strategic actions might be needed to address the 
projected increase in human non-communicable diseases, which stresses the need for 
visionary and timely decision-making, including policies to reduce food losses and 
waste. 


3.4. Opportunities for Horticultural Exports 


As mentioned in previous Sections, the Latin America and Caribbean region produces 
and exports large amounts of produce for international markets. Currently, due to the 
awareness of the effects of food choices on human health, more customers are 
changing their preferences towards more healthy food. This is also favoured by rising 
incomes in some countries (i.e. per capita vegetable consumption has significantly 
risen in China). 

World-wide, there are a number of countries with a population that enjoys 
increased life expectancy and improved health due to the increased consumption of 
healthy foods. This mega-trend provides the opportunity for producers, entrepreneurs 
and existing companies to offer their services for these expanding export markets. 
Also, countries need to review their internal policies and nutrition guidelines, which 
combined with education and school lunches, could open additional opportunities for 
sustainable horticultural production. 

Food safety is a key concern for production and handling of fruit and vegetable 
produce, as unsafe food remains a major cause of disease and death (WHO 2015). 
There is also an increased need for safe non-residual pest control tactics which include 
the area-wide application of environment-friendly and therefore sustainable tactics 
(e.g. the EU food safety public standards are established in the General Food Law or 
Regulation (EC 2002). 

The Latin America and Caribbean region needs to strengthen its business sector, 
while embracing sustainable farming. Such actions will build up agricultural 
diversification, increase fruit and vegetable production and exports, and further job 
creation, i.e. factors that contribute towards a prosperous and stable economy. 

For the past 100 years or more, the international trade of horticultural products has 
been subjected to phytosanitary regulations. Given the presence of fruit fly pests, post- 
harvest disinfestation treatments were, since the 1920's, the only alternative to 
overcome export barriers. Trade was prohibited for fruit and vegetable commodities 
for which no post-harvest treatment was available, or it was too costly, or reduced the 
quality of the product, or for which there was no feasibility for the establishment ofa 
pest free area, the first of which was only recognized in 1988 in Sonora, Mexico 
(SARH/DGSV-USDA/APHIS 1990; SAGAR 1999; USDA 2018). 
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Given this situation, and with the aim of facilitating agricultural international trade 
where the phytosanitary risk is mitigated to an acceptable level, an alternative is the 
SPS agreement of the WTO that includes the possibility to combine areas of low pest 
prevalence with other pest mitigating measures in a “systems approach" that provide 
a negligible risk to the importing countries. Section 5 presents a brief description of 
the phytosanitary approaches available to reduce pest risk and increase the potential 
for exporting horticultural products that are fruit fly hosts, following ISPMs of the 
IPPC. 


4. CHALLENGES TO PREVENT THE INTRODUCTION AND 
ESTABLISHMENT OF PESTS AND DISEASES AND THEIR CONTROL 


In order to maintain and increase productivity and food security, in particular for 
middle- and low-income countries, national and regional plant protection 
organizations (RPPOs) need to actively participate in the prevention of transboundary 
movement of pests and diseases. Prevention has proven to be the most cost-effective 
strategy, minimizing the use of insecticides, negative environmental impacts and 
reducing high costs associated with remedial control practices (FAO 20172). 
Prevention and rapid response might be the only way to protect crops, while other 
options may be limited or more expensive (i.e. desert locust prevention in western and 
north-western Africa is estimated at USD 3.3 million per year, while a control 
campaign during 2003-05 was close to USD 600 million, or equivalent to 170 years 
of prevention (FAO 2014). 

Prevention, suppression and eradication of pests and diseases will require greater 
coordination at the international and regional levels to understand the risks and 
strategize how to deal with them. One example of such coordination and cooperation 
is the Practical Arrangement subscribed between the Joint FAO/IAEA Division of 
Nuclear Techniques in Food and Agriculture and the regional plant protection 
organization for Central America, namely the Organismo Internacional Regional de 
Sanidad Agropecuaria (OIRSA). This collaboration allows training of plant protection 
staff from the Central American region, through the implementation of surveillance 
practices and emergency response drills against incursions of invasive species of 
quarantine significance such as the oriental fruit fly and other major fruit fly pests of 
economic importance. 

Other challenges include the timely detection and reporting of pest presence that 
can prevent the national or regional spread of pests. This 1s feasible through the 
development and adoption of regional surveillance databases that include pest alert 
systems and discussion platforms. 

Late reporting has had unfortunate consequences, such as the carambola fruit fly 
introduction in Suriname in 1975 which spread from there to other areas in French 
Guiana and other countries in the region (Marchioro 2016). 
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5. APPROACHES TO OVERCOME TRADE BARRIERS 


Countries need to aim at effective fruit fly surveillance and control to increase quality 
and production of horticultural products, and to foster opportunities for trade in 
international markets. To achieve these goals, the initial step is to apply basic IPPC 
standards; these include: 

e ISPM No. 6 “Surveillance” that includes general surveillance aimed at providing 
NPPOs with elements such as phytosanitary import/export requirements, 
documentation on pest free areas, pest reporting and eradication strategies, and 
specific surveillance aimed at providing technical information such as pest 
detection and population dynamics in an area (FAO 2018). 

e ISPM No. 8 “Determination of a Pest Status in an Area" aimed at providing 
information on the presence or absence of a pest (FAO 2017b), and 

e ISPM No. 11 “Pest Risk Analysis for Quarantine Pests” aimed at providing details 
to conduct pest risk analysis (PRA) to determine if pests are of quarantine 
importance. It describes the integrated processes to be used for risk assessment as 
well as the selection of risk management options (FAO 20192). 


If it has been determined that the pest is absent from the target area (ISPM No. 8) 
or if the commodity of interest is not a fruit fly host, then the commodity should not 
be subjected to quarantine regulations for trade. Host status is assessed through 
applying ISPM No. 37 "Determination of host status of fruit to fruit flies 
(Tephritidae) " (FAO 2019b). For example, by applying a research protocol mutually 
agreed upon by the NPPOs of Mexico and the USA, findings showed that Hass 
avocado produced in Mexico could be recognized as a non-fruit fly host of Anastrepha 
species of concern. As a result, a quarantine that had been imposed for 82 years by 
USDA on Hass avocado exports was revoked in 1997, resulting in the opening of the 
USA market (Enkerlin et al. 1993; Aluja et al. 2004; Gutiérrez-Ruelas et al. 2013). 
Over one million tonnes of Hass avocado are exported annually to the USA under a 
bilateral workplan subscribed by the NPPOs of Mexico and the USA, generating over 
two billion USD per year, creating thousands of jobs and a high demand for materials 
and services. 

If, on the contrary, the regulated pest of concern is present in the area and the 
commodity is a host (even if only a conditional host), then pest management strategies 
need to be applied against the pest to mitigate the risk posed by it to the importing 
country. 

In the case of fruit fly pests, the IPPC has adopted a suite of fruit fly-specific 
ISPMs (IPPC 2017). Depending on the objective of the fruit fly control programme 
and the situation of the pests and hosts in the area, the following ISPMs may be 
applied: 

1. ISPM No. 37 on determination of host status as described above, 

2. ISPM No. 26 "Establishment of Pest Free Areas (PFA) for Fruit Flies 
(Tephritidae) " (FAO 2015), and 
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3. ISPM No. 35 "Systems Approach for Pest Risk Management of Fruit Flies 
(Tephritidae) " (FAO 2019c). This international standard combines the application of 
monitoring and control practices to mitigate pest risk that may or may not include a 
post-harvest treatment. 

These fruit fly ISPM's have a number of technical annexes which are considered 
to be part of the standards, such as Annex 1 of ISPM No. 35 "Establishment of Areas 
of Low Pest Prevalence (ALPP) for Fruit Flies (Tephritidae) " and Annex 3 of ISPM 
No. 26 "Phytosanitary Procedures for Fruit Fly Management". 

In addition, the fruit fly ISPMs refer to a series of (non-binding) appendices which 
provide additional information such as the Appendices of ISPM No. 26 "Fruit Fly 
Trapping " and "Fruit Sampling ". 

Through its standard implementation facility, the IPPC promotes the provision of 
technical assistance to contracting parties with the objective of facilitating the 
implementation of the international standards. This can be done by the NPPOs 
together with stakeholders through a number of technical cooperation mechanisms, as 
will be presented in the following Section. 


6. TECHNICAL COOPERATION MECHANISMS 


Effective implementation of SPS measures requires capabilities and competencies in 
the public and private sectors of each country, as well as good communication and 
collaboration between the various public sector organizations involved and with the 
private sector. Typically, governments are responsible for the establishment and 
oversight of an enabling regulatory framework for food safety, animal health, 
veterinary services, plant health and/or trade, and for ensuring the compliance of agri- 
food exports with SPS requirements of trading partners. Ultimately, it 1s the private 
sector that plays the leading role in food and agricultural production and trade, and 
that is responsible for meeting SPS requirements in export markets. 

The IAEA and FAO support Member States in creating capacities for 
implementation of SPS measures, including transferring technologies for fruit fly 
prevention and control through technical cooperation projects. Technology transfer 
regarding the area-wide application of the SIT is carried out with the support of 
professional staff of the Joint FAO/IAEA Division of Nuclear Techniques in Food 
and Agriculture. 

In the Latin America and Caribbean region, this mechanism for technology 
transfer has been used in support of SIT technology transfer since the late 1970's 
when it was transferred to southern Mexico for the eradication of the invading 
Mediterranean fruit fly. This represented the first large-scale use of the SIT 
technology for fruit flies and resulted in the eradication of the pest from 800 000 ha 
in the state of Chiapas, Mexico (Hendrichs et al. 1983). Previously, in 1975, a small 
infestation of this pest in Los Angeles, California, USA, was eradicated using sterile 
flies reared in the USDA-ARS Hawaiian Fruit Fly Laboratory and shipped to 
California (Harris 1977). 
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Other more recent mechanisms that support capacity building and technology 
transfer to Member States are the Standards and Trade Development Facility (STDF 
2019), as well as the Collaborating Centres (CC) scheme, through which the IAEA 
officially recognizes the technical capacity of specific institutions in Member States. 
One relevant CC is the Programa Nacional de Moscas de la Fruta in México. Through 
this CC, international training courses on fruit fly AW-IPM are regularly offered, 
expert advice is provided and technology for fruit fly surveillance and control is 
advanced through research and development. 

Regarding the STDF, it provides a platform for organizations to come together to 
discuss SPS capacity building needs, share experiences and good practice, leverage 
additional funding, and work on coordinated and coherent solutions, including 
solutions to fruit fly problems. The goal of the STDF is to increase the capacity of 
developing countries to implement international SPS standards, guidelines and 
recommendations, and hence the ability to gain and maintain market access. 


7. CASE STUDIES OF FRUIT FLY AW-IPM PROGRAMMES IN THE LAC 
REGION 


Some cases of successful fruit fly area-wide programmes, several of which have been 
supported through the above mechanisms and international standards, are presented 
and described in this Section. 


7.1. Guatemala-Mexico-USA Moscamed Programme for the Containment and 
Eradication of the Mediterranean Fruit Fly 


After invading Costa Rica in 1955 and gradually spreading through Central America, 
most likely in infested fruits carried in small amounts by migrants moving north 
looking for better living conditions and through commercial trade of horticultural 
products throughout the region, the Mediterranean fruit fly was first detected in 
Guatemala in 1975. The establishment of the pest in Guatemala posed a significant 
threat to high value fruit and vegetable industries, as well as neighbouring countries 
of Belize, Mexico, and the Caribbean. It also posed a serious threat to producers in 
the USA. 

To address this threat, the NPPOs of Guatemala, Mexico and the USA, established bi- 
lateral cooperative agreements and, in 1977, created the Mediterranean fruit fly 
eradication programme (Moscamed Programme). The Moscamed programme based 
its control strategy on the area-wide integration of the SIT with other methods to 
contain and eradicate the pest. The SIT technology was transferred to the Moscamed 
Programme through technical cooperation projects with the IAEA and FAO, and the 
technical guidance of the Joint FAO/IAEA Division as well as with the support of 
USDA-ARS in Honolulu, Hawaii. 


176 P. RENDÓN AND W. ENKERLIN 


A large Mediterranean fruit fly mass-rearing and sterilisation facility (with a 
production capacity of 500 million per week) was constructed (1977-78) in southern 
Mexico at Metapa, Chiapas (a state on Mexico's southern Pacific coast bordering 
Guatemala) with the first sterile flies released in 1979 (Fig. 4). 


Figure 4. Fruit fly mass-rearing and sterilisation facilities at Metapa, Chiapas, Mexico 
SENASICA-SAGARPA (photo from Moscamed Programme; reproduced with permission). 


Four years later (in 1982), after releasing billions of sterilized flies, the 
Mediterranean fruit fly was declared eradicated from approximately 800 000 ha in 
Chiapas (Hendrichs et al. 1983; Enkerlin et al. 2015). 

A second rearing facility funded by USDA producing Mediterranean fruit fly 
standard strain (San Miguel Petapa) was inaugurated in 1983 in Guatemala. In 1985, 
a modular section was added at this location (Tween 1986). 

The Petapa facility maintained its production of standard (non-genetic sexing) 
strains until it was superseded years later by a second and much larger mass-rearing 
facility in El Pino, Guatemala (Fig. 5), which was designed and constructed (1994- 
95) using modular design for the production of a genetic sexing strain, i.e. based ona 
temperature sensitive lethal (¢s/) mutation. The mass-production capacity of this 
facility is up to 2000 million sterile males per week. 
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Figure 5. El Pino Mediterranean fruit fly mass-rearing and sterilisation facility in Guatemala 
(photo from Moscamed Programme; reproduced with permission). 


This regional programme has greatly contributed to maintaining the biological 
containment barrier and the goal of protecting the Mediterranean fruit fly-free areas 
in Petén, Guatemala and preventing northern spread of the pest (Fig. 6) (Enkerlin et 
al. 2017). 

To continue to maintain the barrier today, the Mediterranean fruit fly mass-rearing 
facilities in Mexico and Guatemala currently rear over 1.5 billion insects per week 
(Figs. 4 and 5). The El Pino and Metapa facilities also shipped sterile pupae to support 
SIT programmes in a number of countries, including preventive release programmes 
in California and Florida, USA; eradication programmes in Chile, Dominican 
Republic, Mexico (Tijuana and Manzanillo), and the USA; and, for some periods 
suppression programmes in Argentina (Patagonia), Israel, and more recently in 
Ecuador (DIR-SIT 2018). This has been done through bilateral arrangements between 
the NPPOs of interested countries, and some also received technical support within 
the framework of IAEA technical cooperation projects. 

Keeping the USA and Mexico Mediterranean fruit fly-free has created favourable 
conditions for the development of multi-billion dollar horticulture industries in these 
countries and paved the way to increase production and export of fruits and vegetables 
from Guatemala and Belize (IICA 2013). The return on investment measured in 
macroeconomic terms through a benefit-cost analysis, gives an extremely favourable 
150 to 1 benefit-cost ratio (BCR) in spite of the programme’s annual operational cost 
of ca. USD 35 million (Enkerlin et al. 2015, 2017; Enkerlin 2021). 
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Figure 6. Location of the Mediterranean fruit fly containment barrier in Guatemala in 2015 
(reproduced from Enkerlin et al. 2017). 


Figure 7. Potential, more sustainable, containment barrier at the El Salvador and Honduras 
border with Guatemala (reproduced from Enkerlin et al. 2017). 
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A prospective benefit-cost analysis (IICA 2013) projected for the period 2012 to 
2021, with the corresponding investment, presented a scenario where using current 
improved technology the Mediterranean fruit fly could be eradicated from Guatemala 
and the containment barrier moved to the border with El Salvador and Honduras, 
where the Central American Isthmus begins and the length of the containment barrier 
would be reduced by half (Fig. 7). 

Moving the containment barrier would make it more sustainable in economic 
terms, but also in technical terms, in view of the easier topography for programme 
activities, significantly reduced host areas, and quarantine measures in place at land 
border crossings, seaports, and airports (IICA 2013). 


7.2. The Mexican and West Indian Fruit Fly Suppression and Eradication 
Programme — The National Fruit Fly Programme in Mexico 


In 1992, the Mexican federal government (SENASICA-SAGARPA) approved the 
National Fruit Fly Programme for the control of indigenous fruit fly species, primarily 
the Mexican fruit fly and the West Indian fruit fly. The programme applies an AW- 
IPM approach including the SIT (Reyes et al. 2000; Gutiérrez-Ruelas et al. 2013). 
Strategic alliances between federal and state governments, and the horticultural 
industry, proved to be an effective way to operate a national programme aimed at 
suppressing and eradicating populations of fruit flies of economic significance for the 
establishment of ALPP and PFA. 

For the area-wide application of the SIT against these two major Anastrepha 
species, a multi-species mass-rearing and sterilisation facility was built in Metapa, 
Chiapas, Mexico (Fig. 4). The federal government supplies the sterile flies and 
provides the infrastructure for their processing and release, the state governments 
contribute financial resources for operations, and the horticultural industry 
implements activities in the commercial orchards, including trapping and fruit 
sanitation in orchards. In 1997, these two fruit fly species were eradicated from more 
than 35 000 ha of commercial plantations of citrus, mango, apple, and peach in north- 
western Mexico, completely freeing the states of Chihuahua, Sonora, Baja California, 
and Baja California Sur of these pest insects (SAGAR/IICA 2001). 

In 2001, after fruit fly eradication in north-western Mexico was officially declared 

and PFAs established, the direct benefits (reduced fruit fly damage and increased 
yield) amounted to USD 25 million per year. In addition, during the same period, the 
benefits obtained from the price differential paid by export markets and savings in 
post-harvest treatments, totalled approximately USD 35 million. Thus, the total 
benefits from these fruit fly PFAs over four years amounted to USD 60 million, with 
a total programme implementation cost of USD 4 million over this period, resulting 
in a benefit-cost ratio (BCR) of 7.5 to 1 (SAGAR/IICA 2001). 
An economic study covering the period from 1994 to 2008, shows that the return on 
investment of the National Fruit Fly Programme for the mango industry resulted in a 
BCR of twenty-two dollars for each dollar invested (22 to 1) and a net revenue at 
present value (NPV) of USD 1.1 billion, and for the citrus industry a BCR of 19 to 1 
and a NPV of USD 2.0 billion (IICA et al. 2010). 
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7.3. Chile's National Fruit Fly Programme 


Chile's fruit fly-free status has allowed the development of one of the most important 
export-oriented horticultural industries in the world. To obtain this status and protect 
this valuable asset, the Government of Chile, through the Agricultural and Livestock 
Service (SAG) of the Ministry of Agriculture, created Chile's National Fruit Fly 
Programme in 1980. Its objectives have been to free Chile of the Mediterranean fruit 
fly, established in the north, and to prevent the introduction and establishment of any 
fruit fly species of economic importance, including the Mediterranean fruit fly and 
other pest species of the genera Anastrepha and Bactrocera anywhere else in Chile 
(Olalquiaga and Lobos 1993; Rodríguez et al. 2016). 

The National Fruit Fly Programme in Chile operates through a centralised 
organizational structure under the Ministry of Agriculture, that includes a mass- 
rearing facility in Arica near the border with Peru (Fig. 8). 


zr 
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Figure 8. Mediterranean fruit fly mass-rearing and sterilisation facility in Arica, Chile 
(photo from R. Rodriguez SAG Chile; reproduced with permission). 


In addition, as part of a regional approach to the fruit fly problem, the Government 
of Chile has also subscribed bi-national agreements with neighbouring Argentina and 
Peru (Wedekind 2007). Chile has achieved and maintained its fly-free status by 
implementing two major strategic activities: 
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e An effective national and international quarantine system (including 
interprovincial quarantine road stations when there is an outbreak and international 
quarantine at ports of entry), and an extensive and highly sensitive fruit fly- 
trapping network to detect fruit fly introductions at an early stage. Numerous 
outbreaks of non-native fruit flies, mainly the Mediterranean fruit fly, have been 
eradicated through the effective execution of an emergency eradication plan based 
on detecting and eradicating infestations (McInnis et al. 2017; Shelly et al. 2017). 
A B. dorsalis outbreak on Easter Island was eradicated in 2011 at a cost of USD 
100 000 (AGROMEAT 2011; FAO/IAEA 2011). 

e In Arica province, at the border with Peru, a containment barrier that integrates 
the release of sterile males (Fig. 8) to avoid the natural or artificial spread of 
Mediterranean fruit fly populations into northern Chile, in order to protect the 
main fruit and vegetable production areas in the central and southern parts of the 
country. 

After six years of an intensive integrated area-wide programme based on the SIT, 
the Mediterranean fruit fly was eradicated from Arica province in 1995, and all of 
Chile was declared a fruit fly-free country (SAG 1995, 1996). USDA-APHIS 
recognized Chile as a pest free area for Mediterranean fruit fly in 2010 (Federal 
Register 2010). 

As a result of the fruit fly-free status, exports have grown to 320 million boxes of 
fruits per year, mainly table grapes, apples, stone fruits, kiwis, and avocados, valued 
in 2016 at USD 4000 million (ASOEX 2018). 


7.4. Patagonia, Argentina — Mediterranean Fruit Fly PFA 


A programme to eradicate Mediterranean fruit fly from fruit production areas in 
northern Patagonia was launched in late 1996 by the Programa de Control y 
Erradicación de Mosca del Mediterráneo (PROCEM-SENASA) and the Fundación 
Barrera Zoofitosanitaria Patagónica (FUNBAPA) (Borges et al. 2016). Mediterranean 
fruit fly eradication activities started in 2001 and concluded in 2004 with the official 
declaration of Patagonia as a Mediterranean fruit fly-free area (Guillen and Sanchez 
2007). 

Trading partners, including Chile, Mexico and the USA, recognized Patagonia as 
a Mediterranean fruit fly-free area (Borges et al. 2016). Eradication was achieved 
through an intensive area-wide programme integrating the SIT. Sterile flies were 
shipped from the mass-rearing and sterilisation facility located in the Province of 
Mendoza, Argentina (De Longo et al. 2000). As a result of the eradication of 
Mediterranean fruit fly, costly quarantine treatments could be eliminated for most of 
the three million boxes of quality pears and apples that this region exports yearly. 
Other mayor benefits included gaining access to previously closed markets (Villareal 
et al. 2018). Of fundamental importance to protect this pest free area is the extensive 
quarantine barrier that is effectively operated by FUMBAPA (Fig. 9) (Wedekind 
2007). 
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Figure 9. Inspection at a FUNBAPA quarantine road station in Patagonia, Argentina 
(photo from E. Rial, PROCEM Patagonia, reproduced with permission). 


7.5. Mediterranean Fruit Fly-Free Places and Sites of Production, Honduras, 
Central America 


Through a careful review of international phytosanitary standards, the National Health 
and Agrifood Safety of Honduras (SENASA) determined that the pest risk mitigation 
scheme that could apply to the melon (Cucumis melo L.) production sites of 
Montelibano (400 ha) and Santa Rosa (800 ha) was ISPM 10 “Pest free places of 
production and pest free production sites". Following international fruit fly trapping 
guidelines (Appendix 1 of ISPM 26; IAEA 2013), SENASA established a fruit fly 
surveillance network for these sites in July 2011 (Noe-Pino 2016). Trapping results 
clearly confirmed the absence of fruit fly pests in the areas of interest. These results, 
and the fact that melon is recognized as a conditional host of the target fruit fly species, 
were the critical technical factors used in the bilateral negotiations between the 
national phytosanitary authorities of Honduras and Taiwan that resulted in an 
agreement to export melons using a pest risk mitigation scheme based on pest free 
production sites (Fig. 10). 

A major advantage ofthis pest risk mitigation scheme is that no internal quarantine 
checkpoints are required, and places and sites of production need to be fruit fly free 
only during the entire fruit production and harvest period (FAO/IAEA 201 7a). 
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Figure 10. Melons from fruit fly free places of production in Honduras (photo from SENASA 
Honduras, reproduced with permission). 


7.6. Establishment of Fruit Fly ALPP and PFA in Central America 


For the past decades, countries in Central America have been affected by low 
international prices of the traditional export crops coffee, banana and sugarcane. The 
governments of these countries and Panama have therefore been seeking new 
alternatives for international trade through production and export of non-traditional 
fruit and vegetables. To assists them in this task, from 2001 to 2006, IAEA and FAO 
provided support through a regional technical cooperation project to strengthen the 
countries’ phytosanitary framework to allow them to establish fruit fly ALPP and fruit 
fly PFA using an AW-IPM approach that included, in some cases, the SIT (Reyes et 
al. 2007). 

To achieve the goals, an approach was proposed to overcome existing constraints 
by integrating three main elements: 1) the development of a multi-institutional 
strategic alliance, 2) the use of pilot areas as a territorial strategy for suppression and 
eradication of fruit flies, and 3) a focus on promoting the export of fruits and 
vegetables. 

The project outcome included: 1) the establishment of a number of fruit fly ALPP 
and PFAs in each of the participating countries, 2) investment by the fruit and 
vegetable industries in Costa Rica, El Salvador, Guatemala, and Nicaragua and of 
around USD 150 million in support of establishing and maintaining areas of fruit fly 
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low prevalence through a systems approach for exports of tomatoes and bell peppers 
to the USA, and 3) exports of papaya from Mediterranean fruit fly-free areas in the 
Department of Petén, in northern Guatemala, without the need for quarantine 
treatments (Fig. 11). 

This project demonstrates that exports of non-traditional fruits and vegetables are 
a viable economic alternative to the traditional crops in the region by establishing fruit 
fly PFAs and ALPP integrated with a systems approach and creating more rural jobs 
than traditional crops (Reyes et al. 2007). Attempts to establish more of these areas 
throughout the region would be successful if: 

1. The Ministries of Agriculture are the driving force of any such area-wide 
initiatives 

2. The horticultural industry is convinced of the potential benefits that these areas 
can bring and is an active partner in the activities, and 

3. Alliances are established between technical and financing organizations present 
in the region and they commit to working together sharing a common vision. 

Strategic approaches for fruit fly control, which focus on specifically selected 
horticultural production areas, are in some instances easier to implement and more 
realistic than approaches which aim to initiate extensive and costly suppression and 
eradication programmes. 


Figure 11. Papayas from Mediterranean fruit fly-free area in Petén, Guatemala (photo from 
Moscamed Programme; reproduced with permission). 
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7.7. Mediterranean Fruit Fly Eradication from the Dominican Republic 


The presence of the Mediterranean fruit fly in the Dominican Republic was officially 
reported in March 2015. The pest had already spread to 2053 km? in the eastern part 
ofthe country, constituting a major outbreak in the Caribbean that up to then had been 
free of the Mediterranean fruit fly. An immediate ban on most exports of fruit and 
vegetables was imposed by trading partners, causing a loss of over USD 40 million 
for the remaining nine months of 2015. 

Given the emergency situation, the Ministry of Agriculture established the 
Moscamed-DR Programme, with adequate financial resources and an effective 
organizational structure for its coordination and operations. The Guatemala-Mexico- 
USA Moscamed Programme and international organizations, including the FAO, 
IAEA, IICA (Inter-American Institute for Cooperation on Agriculture) and OIRSA, 
joined efforts with the Ministry of Agriculture to address the Mediterranean fruit fly 
outbreak. A technical advisory committee of experts provided oversight throughout 
the eradication campaign. An AW-IPM approach, including the application ofthe SIT 
as a final component, was used to eradicate the pest. 

Official eradication was announced in July 2017 after six Mediterranean fruit fly 
generations of zero catches (Zavala-López et al, this volume). The Dominican 
Republic is now on the list of countries that have successfully eradicated the 
Mediterranean fruit fly, thereby avoiding the establishment of a major pest in the 
Caribbean, and substantially strengthening its fruit fly surveillance system and 
emergency response capacity (Fig. 12). 


Figure 12. Plaque presented in July 2017 by the IAEA to the Minister of Agriculture of the 
Dominican Republic as a recognition for his leadership in eradicating the Mediterranean 
fruit fly (photo from W. Enkerlin). 
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As a spin-off of the successful eradication of the Mediterranean fruit fly, the 
Ministry of Agriculture of the Dominican Republic established a national fruit fly 
programme to manage native fruit flies, and to maintain the surveillance and response 
capacities for invasive fruit flies and other pests. 


7.6. Carambola Fruit Fly Containment Programme in Guyana, Surinam, French 
Guiana and Brazil 


The carambola fruit fly B. carambolae is native from Southeast Asia. It is known to 
infest a wide range of fruits and vegetables including carambola, guava, mango and 
others. The pest was first detected in the Americas in Suriname in 1975. Given its 
invasiveness and the risk it represented to the horticultural industry in Suriname and 
neighbouring countries, including Brazil, an eradication programme based on the 
male annihilation technique (MAT) was launched (Malavasi et al. 2000). The 
programme was funded by the International Fund for Agricultural Development 
(IFAD), France, the Netherlands, and the USA, and officially started in 1998 
(Midgarden et al. 2016). In addition, during 1994-95, FAO provided capacity building 
assistance to the Brazilian Ministry of Agriculture (MAPA) to strengthen exclusion, 
detection and emergency response to new pest introductions. This enabled MAPA to 
train personnel, install detection traps within the state of Amapa, and take emergency 
response measures whenever detections of CFF occurred. 

Considering the transboundary nature of this pest, programme operations were 
implemented on a regional level, including activities in Suriname, French Guiana, 
Guyana, and states in north-eastern Brazil. As a result, by 2001, the distribution of B. 
carambolae was reduced to limited areas of Suriname and French Guiana (Midgarden 
et al. 2016). Containing the spread of the pest resulted in 1) important economic 
benefits in reduced direct damage to fruits and vegetables, 2) social benefits by 
protecting important jobs associated to the horticultural industry, and 3) 
environmental benefits by preventing the massive use of insecticides that would be 
needed to control the pest. 

Despite these results, in 2002 some of the donors significantly reduced their 
funding and the programme had to close in 2003. As a result, the pest reinvaded areas 
that had already been freed. Since then, only Brazil has continued implementing and 
financing the programme to contain its advance into Brazil. Nevertheless, in the 
following years B. carambolae expanded its distribution with detections as far 
southeast as Curralinho in the state of Pará in Brazil (Fig. 13). The presence of the 
pest in Guyana means that continuous incursions into both northern Brazil and 
Venezuela are likely, if not inevitable (Godoy et al. 2020). 

Closing this programme before its completion has resulted in increasing costs to 
South American agriculture, and increased risk to Central and North America and the 
Caribbean. A specimen of B. carambolae was identified in Puerto Rico in 2015, and 
two putative B. carambolae specimens were trapped in Orlando, Florida in 2008 
(Midgarden et al. 2016). 
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Figure 13. Presence of carambola fruit fly in South America up to 2016 (red dots present, 
blue dots detections eradicated) (reproduced from Midgarden et al. 2016). 


A recent economic assessment shows a BCR of up to 37 to 1 for eradicating B. 
carambolae from the currently infested areas and from preventing further spread and 
invasion of the free areas in Brazil (IDB 2018). Based on this, in 2018, the 
Government of Brazil jointly with the Interamerican Development Bank (IDB) 
commissioned the preparation of a regional project for the control and eradication of 
the carambola fruit fly (IDB 2018). A coordinated programme amongst infested 
countries could still mitigate the risk of the spread of B. carambolae in the region 
(Midgarden et al. 2016). 

Area-wide fruit fly control programmes in Latin America that apply an AW-IPM 
approach are listed in Table 1. 


8. FUTURE PERSPECTIVES 


e Given its devastating effects in the region, the fruit fly problem should receive 
high priority on the agendas of the Ministerial Agricultural Organizations, namely 
the Comité Internacional Regional de Sanidad Agropecuaria (CIRSA), the 
Consejo Agropecuario del Sur (CAS), and the Caribbean Agricultural Health and 
Food Safety Agency (CAHFSA). 


188 


P. RENDÓN AND W. ENKERLIN 


Table I. Fruit fly AW-IPM programmes in the LAC region 


Strategic . 
Objective Area-wide Programme References 
- ; ] Olalquiaga and Lobos 1993; 
Penn Chile's National Fruit Fly Programme, 1980 — present Rodríguez et al. 2016 
Mexican Fruit Fly Preventive Release Programme 
(Rio Grande Valley, Texas, Mexico — USA border), Holler et al. 1984 
1980s — present 
Mexican Fruit Fly Preventive Release Programme . 
(Tijuana, Baja California, Mexico — USA border), Lopez 1970; Dowellstal 
2000 
1960s — present 
Bi-national Chile-Peru Programme for Mediterranean | Wedekind 2007; Rodríguez 
Fruit Fly Eradication, 1996 — present et al. 2016 
Carambola Fruit Fly Containment Programme in Malavasi et al. 2000; 
Surinam, French Guiana, Guyana, and Brazil, 1998 — Midgarden et al. 2016; IDB 
present 2018 
A. grandis prevention programme in north-eastern 
Brazil to protect PFA, 1990 — present Razera Papa 2019 
NS Guatemala-Mexico-USA Moscamed Programme for Hendrishs et al. 1983: 
Eradication the Containment and Eradication of the Enkerlin et al. 2017 
Mediterranean Fruit Fly, 1975 — present ii ` 
Mediterranean Fruit Fly Eradication Programme Dg " ongo bt al, 2000, 
e » ` Guillen and Sanchez 2007; 
PROCEM” (Patagonia — Mendoza — San Juan, : : 
Argentina), 1992 — present Wedekind 2007; Borges et 
8 , al. 2016; Quiroga et al. 2016 
Mediterranean Fruit Fly-Free Places and Sites of : 
Production in Honduras, 2017 — present Noe Pino 2016 
Mediterranean Fruit Fly Eradication Programme Zavalaet al. this:volüme 
(Altagracia, Dominican Republic), 2015 — 2017 = 
f Mediterranean Fruit Fly Control Programme (Peru), Cun and Quintanilla : 
Suppression 19708 present 2008; Rivera-Tejada 2011; 
P Manrique and Rivera 2016 
Fruit fly control programme in Ecuador in localized Vilatu&a 2018 
production sites, 2018 — present 
Plan Nacional Moscas de la Fruta (PNMF) in 
Colombia, 2008 — present AO 200 
Programa Nacional de Control y Erradicación de 
Mosca de los Frutos in north-eastern Argentina — Morilla et al. 2016 
PROCEM NEA, 2015 — present 
Moscasul programme pilot project to suppress the a 
South American fruit fly in southern Brazil, 2014 — Kovaleski and Mastrangelo, 
this volume 
present 
Mediterranean fruit fly suppression on table grape 
export areas along Rio San Francisco irrigation zone Baronio et al. 2018 
(Bahia/Pernambuco), 2015 — present 
The Mexican and West Indian Fruit Flies Suppression | Reyes et al. 2000; Gutierrez 
Suppression | and Eradication Programme — The National Fruit Fly et al. 2013; Liedo et al., this 
or Programme in Mexico, 1991 — present volume 
Eradication 


Establishment of Fruit Fly ALPP and PFA in Central 
America, 2007 — present 


Reyes et al. 2007 
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These regional government organizations and their institutions should show strong 
political will by mobilizing and committing national resources and establishing 
regional phytosanitary policies that enable the enforcement of phytosanitary 
strategies such as the establishment of fruit fly PFAs and ALPP. 

The policies and actions should be enforced through instruments such as 
"Regional Fruit Fly Strategic Plans" against endemic fruit fly species, as well as 
against invasive species of quarantine significance. This would provide a 
systematic framework and guidance on the necessary actions required to achieve 
the objectives in controlling fruit fly pests in the Latin America and Caribbean 
region. 

Given the transboundary nature of the fruit fly problem in the Latin America and 
Caribbean region, RPPOs should have a more proactive role in preventing the 
introduction and establishment of invasive fruit fly pests and providing guidance 
on the phytosanitary approaches available for effective control of endemic fruit 
fles. They should promote the implementation of the ISPMs and 
propose/coordinate specific actions together with the NPPOs and main 
beneficiaries and stakeholders, including the growers and exporters. 

To address climate change and globalization that induce new pest problems, 
current legislation and policies need to be amended. Among these is the need to 
support the development of innovative control approaches to mitigate and manage 
these biological incursions, and to contain the geographic expansion of non- 
indigenous pest populations. 

The surveillance systems and emergency response capacities need to be 
strengthened on a regional basis to detect early introductions of non-native species 
still not present and that are of quarantine significance. 

The strategic approach against endemic fruit flies of economic significance should 
be, in most cases, the establishment of carefully selected areas free of pests or at 
low pest prevalence levels from which horticultural products can be produced and 
sold, rather than major eradication or suppression programmes that extend over 
very large areas, sometimes entire countries. 

Countries from the Latin America and Caribbean region should consider the 
possibility of promoting increased production and consumption of horticultural 
products in order to reduce the incidence of non-communicable diseases, plan for 
expected population growth, and take advantage of the trends in consumer 
preference to generate commercial opportunities to strengthen their economic 
performance. 

Countries interested in applying area-wide the SIT should take advantage of the 
existing sterile fly production capacity in the region (over 2.5 billion sterile flies 
per week) rather than each country aiming at building their own rearing and 
sterilisation facility. The investment should be focused on building sterile fly 
emergence and release facilities (FAO/IAEA 2017b), to hold and feed adult flies 
emerged from sterile pupae purchased from reliable external sources. The capital 
investment of such an approach would be much lower, as well as the risks of 
successfully integrating the SIT. 
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SUMMARY 


The Sterile Insect Technique (SIT) has been successfully used for the control of fruit flies in a number of 
places in the world. One requirement for its successful application is that wild populations should be at low 
densities to achieve effective sterile to wild fly overflooding ratios. This has been an important reason that 
has limited its integration in fruit fly management in tropical fruit growing areas, where climate conditions 
and the availability of hosts all year-round results in high population densities. Here we report the results 
ofa project where SIT integration into fruit fly management was evaluated under the tropical conditions of 
the mango growing area in the Soconusco region of Chiapas, Mexico. The basis for the area-wide integrated 
pest management (AW-IPM) approach was the knowledge of the population dynamics of the pest fruit flies 
in the region and of the fruit phenology. The main commercial mango growing areas are in the lowlands, 
where fruit fly populations are very low outside of the mango production season. Population densities are 
higher in the midlands and highlands, where alternate hosts are common in backyards and as part of the 
natural vegetation. We call these refuge areas, and the AW-IPM approach aimed at establishing a biological 
barrier with releases of parasitoids and sterile male fruit flies to suppress the fruit fly populations and 
prevent or minimize the dispersal of wild flies from the refuge areas to the mango orchards. In 2014, after 
two years of releases, fruit fly population densities were suppressed more than 70% in the release area and 
65% in the entire area, including the lowlands with the mango orchards. With the support of fruit growers, 
state and federal governments, this project was continued and established as an operational AW-IPM 
programme. In 2016, after 4 years of programme implementation, the detection of wild flies was 
significantly reduced, and the number of batches of fruit that were rejected at the packing houses due to the 
detection of infested fruits was the lowest in the past 12 years, since the recording ofthese data was initiated. 
These indicators declined even further in 2017. The results obtained demonstrate that AW-IPM integrating 
the SIT can be applied successfully against fruit flies under tropical conditions with naturally high pest 
densities, providing there is adequate knowledge on the population dynamics of the fruit fly species present 
in the region. 
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1. INTRODUCTION 


In Mexico, mango represents one of the most important fruit production and export 
value chains, with more than 180 000 ha of cultivation, giving an annual production 
of approximately 1.8 million tons. Mexico ranks 6" by area and 4" by production in 
the world, and on the international market Mexico and India are among the most 
important exporting countries by volume (SIAP 2015). 

Among the factors that limit or affect mango production and marketing are insect 
pests, and within these, fruit flies are among the most devastating. In view of their 
importance, these are considered of public interest and for this reason the National 
Campaign against Fruit Flies was established in 1992. The Campaign has succeeded 
in achieving fruit fly pest free areas (FF-PFA, FAO 2016) in 52.8% of the national 
territory, and fruit fly areas of low pest prevalence (FF-ALPP, FAO 2008) in another 
10.4%, while the remaining 36.8% is considered a zone under phytosanitary 
management (Liedo 2016; Ramírez y Ramírez et al. 2019). Due to their agro- 
ecological requirements, mango producing areas are located mostly in the subtropical 
and tropical zones of the country, most of which are in the area under phytosanitary 
management. Under these favourable ecological conditions that promote fruit fly 
abundance, the development of technologies and the design of pest management 
strategies are required to allow the production of fruits free of fruit fly damage. 

There are modern and appropriate and more sustainable technologies to deal with 
these pests, such as the Augmentative Biological Control (ABC) and the Sterile Insect 
Technique (SIT), among others (Montoya and Toledo 2010; Enkerlin et al. 2021). 
These technologies, integrated with other control methods have been applied 
successfully in Mexico to prevent for over 35 years the invasion of the Mediterranean 
fruit fly, Ceratitis capitata (Wiedemann), into southern Mexico along the border with 
Guatemala (Enkerlin et al. 2015) and for the implementation of FF-PFA for native 
Anastrepha fruit flies in the north of the country (Reyes et al. 2000; Liedo 2016). 
However, under the tropical conditions in which commercial mango is extensively 
grown, native Anastrepha fruit flies have high rates of population growth and 
therefore the effective application of these technologies is much more challenging 
(Montoya et al. 2000). 

The characteristics of the SIT and the ABC, as well as the high mobility of fruit 
flies, make it necessary to adopt an area-wide integrated pest management (AW-IPM) 
approach, which considers the management of the total population of the pest and its 
spatial distribution (Hendrichs et al. 2007; Montoya et al. 2007). 

In the mango producing region of Soconusco, Chiapas in southern Mexico, there 
is ample knowledge about the population dynamics of Anastrepha fruit flies (Aluja et 
al. 1996; Celedonio-Hurtado et al. 1995; Montoya et al. 2000). In the case of 
Anastrepha ludens (Loew) and Anastrepha obliqua (Macquart), which are the species 
that infest mango, it is known that their populations are high in the midlands and in 
the highlands (120-600 m elevation) with little temporal fluctuations. 
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In the commercial mango production areas of the lowlands (0-120 m elevation), 
the Anastrepha populations are low most of the year and only increase during the 
mango fruiting season, when growers have to apply repeated ground bait sprays to 
minimize fruit fly infestation. 

Based on the available background information, and with the objective to reduce 
the bait sprays and fruit fly infestation in mangoes, a project was submitted to validate 
the use of the ABC and the SIT as elements of an AW-IPM approach, for the 
management of these native fruit flies in mango. We proposed to carry out this project 
in the Soconusco region in Chiapas State, considering the available knowledge on 
fruit fly populations, their hosts and their seasonality, and taking advantage of the 
infrastructure of the National Fruit Fly Campaign (Mexican Plant Protection 
Organization SENASICA, and IICA) in the region with respect to mass-rearing and 
release of sterile fruit flies and parasitoids. This 4-year project was funded by the 
National Council of Science and Technology (CONACYT) and the Ministry of 
Agriculture (SAGARPA) sectorial fund. In view of the increasing support and interest 
of the mango growers, the project was converted into an operational programme 
during the fourth and last year of the project. 


2. MATERIALS AND METHODS 
2.1. Strategy 


It was assumed that the Anastrepha populations are maintained by year-round host 
availability in the refuge sites of the midlands and highlands outside the mango 
season. Thus, the designed strategy consisted of implementing a "biological barrier" 
based on the release of sterile flies and parasitoids in the intermediate zone between 
the high and the lowlands (ca. 100-200 m elevation), seeking to suppress the 
populations there and avoiding or minimizing their movement to the lowlands, where 
most of the commercial mango orchards are located. To facilitate achieving 
favourable sterile to fertile male ratios, releases of sterile insects were initiated at the 
end of November or early December 2012 and continued to 2015, i.e. the period when 
historically the lowest population levels have been observed (Aluja et al. 1996). 

In the first year of the project (2011-2012), two trapping transects were established 
from the highlands to the lowlands, to monitor the populations of fruit flies along an 
altitudinal gradient (Fig. 1). Before initiating the releases in the second year, a third 
trapping route was established with the objective of monitoring the populations of 
sterile flies in the release polygon and adjacent areas. 

The initial experimental design for the 4-year project (2011-2015) was: (a) to 
monitor populations during the first year without the application of the ABC and the 
SIT, (b) to apply the ABC and the SIT in the intermediate zone during the second and 
third years, and (c) depending on results, to transfer the technology to mango growers 
during the fourth year. Based on the results obtained during the second and third years, 
when the control methods were applied on an area-wide basis, it was decided to 
continue with the releases for another year. During this fourth year, the technology 
was transferred, and from week 10 of 2015, the fruit growers’ union was in charge of 
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funding and coordinating the parasitoid and sterile fruit fly releases through the Local 
Board of Plant Health and the State Committee of Plant Health of Chiapas. During 
this fourth year, the research project was converted into an operational action 
programme, recognized by the National Fruit Fly Campaign. 

Based on the monitoring ofthe first year and the availability of biological material, 
a 15 000 ha polygon (21.0 x 7.14 km) was established for the release of parasitoids 
and sterile fruit flies. This polygon was located between the cities of Mazatán and 
Tapachula, in the transition zone between the high and the lowlands. The location of 
the release polygon and the traps deployed are shown in Fig. 1. 


Leyend 
9 Transecti 
O Transect 3 
€ Transect 2 
CJ Polygon 


Figure 1. Location of the sterile fly release polygon in the Soconusco region of the state of 
Chiapas, covering 15 000 ha, and the three subquadrants for the release and assessment of 
parasitoids of 5000 ha each, as well as the location of the traps for population monitoring. 
The blue dots indicate the location of the traps deployed along transect 1, the red dots 
correspond to transect 2, and the yellow dots to transect 3. 


For the evaluation of the ABC, the polygon was subdivided into 3 quadrants of 
5000 ha each in which to make and assess the release of parasitoids. Initially, it was 
planned to release the parasitoids only in the sub-quadrant to the East -the one with 
higher trap captures- and leave the central one as the buffer area and the one on the 
West as a control, with the intention of alternating the quadrants in the third year and 
thus be able to make comparisons in time and space. However, based on the results 
obtained in the second year, it was decided to repeat the release area in the third year 
(East quadrant) in order to evaluate the effect of the modifications in the release 
method (see below) and also to contribute to the suppression of pest populations in 
the area of highest infestation. 
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2.2. Monitoring of Populations 


For the monitoring of the Anastrepha populations, Multilure& traps baited with 
Biolure® (ammonium acetate + putrescine) were used. Propylene glycol was used for 
the retention and conservation of the trapped specimen. The traps were checked 
weekly and the trapped flies identified by species and sex. In the case of A. ludens and 
A. obliqua, the dye marking used for the sterile flies was used to discriminate between 
the released sterile and wild flies. Along transect 1, 35 traps were deployed from the 
town of Huehuetán in the highlands to Barra de San Simón in the lowlands. Forty- 
four traps were deployed along transect 2 from Canton Pumpuapa to the northwest of 
the city of Tapachula, in the highlands, to the Ejido Conquista Campesina, in the 
lowlands. Transect 3 contained 30 traps of which 15 were deployed within the release 
polygon, 10 were located in the area adjacent to the north ofthe polygon and another 
5 to the south of it (Fig. 1). 


2.3. Biological Material 


Every week, the project received 7.5-8.5 million sterile males of A. ludens Tapachula- 
7 genetic sexing strain, 5-10 million sterile males and females of A. obliqua, as well 
as 5 million of the parasitoid Diachasmimorpha longicaudata (Ashmead). With these 
quantities and based on the experience of the National Campaign, the target release 
densities were 533 male A. ludens / ha, 333 male A. obliqua / ha, and 1000 parasitoids 
/ ha. The weekly amounts varied slightly depending on the weekly production of the 
Moscafrut facility in Metapa, as well as the needs of the National Campaign. For some 
time during the second year of releases, batches of the bisexual A. ludens strain (males 
and females) were also received, increasing the number of sterile insects released. The 
opposite was true for A. obliqua as the needs of the National Campaign resulted in 
smaller quantities being received sometimes (see Table 1 and Fig. 4), reducing the 
release densities. 


Table 1. Number of sterile flies received during three release seasons 


2012-13 2013-14 2014-15* 
A. ludens Tap-7 males | | 
Total | 499 771 956 | 436 226 000 | 269 320 000 
Average / week 9 610 999 8 388 961 9 974 815 
A. ludens bisexual | | | 
Total | 85 729 000 | 517 932 000 | 241 365 000 
Average / week 1 617 528 9 772 302 7 785 968 
A. ludens sum of males | | | 
Total | 542 636 456 | 695 192 000 | 390 002 500 
Average /week 10 419 763 13 275 112 13 867 799 
A. obliqua | | | 
Total | 470 633 000 | 505 576 006 | 244 436 000 
Average / week 8 879 868 9 520 302 8 147 867 


* In the 2014-15 season, data are included only until week 22 (June 6, 2015) 
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During the three release seasons, a total of 1205 million sterile A. ludens Tap-7 
strain (only males), 845 million sterile A. /udens bisexual strain (males and females), 
1219 million sterile A. obliqua (males and females) and 385 million D. longicaudata 
parasitoids were released. The number of sterile flies received in each of the three 
release seasons, as well as weekly averages, are shown in Table 1. 

The quality of these sterile insects is shown in Table 2. From the series of quality 
control tests that were applied, we selected the percentage of flying flies after chilling 
as a parameter representing quality of this biological material. In the quality control 
manual this test is known as "absolute-post-chill flyers" (FAO/IAEA/USDA 2019). 


Table 2. Quality of the sterile flies received during three release seasons, as percentage of 
flying flies after chilling 


Strain 2012-13 | 2013-14 | 2014-15* 
CA. ludens Tap-] | 81.05 | 86.14 | 8542 | 
A. ludens bisexual | 87.47 | 89.05 | 8523 
A. obliqua | 8846 | 8939 | 8826 


"For the 2014-15 season, data are included only until week 22 (June 6, 2015) 


The mass-production facility in Metapa delivered the biological material to the 
Mediterranean Fruit Fly Emergence and Release Facility (CEMM by its initials in 
Spanish), located near the Tapachula airport. All biological material was received as 
irradiated pupae under hypoxic conditions. The CEMM staff placed the pupae in 
"Mexico" type emergence towers that were provided with water and food. The food 
was a mixture of sugar and enzymatic hydrolysed yeast in a 24:1 ratio. The towers 
were kept in the emergence rooms at 23 + 1 °C and 65 + 5% relative humidity. Adults 
emerged 2-3 days later and were released once they were sexually mature, i.e. 5 days 
later in the case of A. ludens and 4 days in the case of A. obliqua. On the release day, 
the towers were placed in a cold room at 2-4 °C for one hour to immobilize the adults, 
and then they were placed in specially designed refrigeration boxes and transported to 
the airport for chilled aerial release (Hernández et al. 2010). Images of the emergence 
towers and the release box are shown in Fig. 2. 

The services of the Mubarqui? company were contracted to implement the aerial 
releases of the sterile flies. This company has adapted aircrafts, appropriate release 
machines, and support infrastructure to implement these releases. For each release 
flight, a report was generated indicating the time of the flight, the route followed, the 
number of sterile insects released and the corresponding density. Samples were taken 
from each batch of sterile insects to assess standardized quality parameters 
(FAO/IAEA/USDA 2019). 

Parasitoids were released from the ground with the support ofthe staff and vehicles 
of the State Committee for Plant Health. During the first year of releases, the 
parasitized pupae were placed in PARC? boxes (Plastic Aerial Release Container) 
with a mixture of honey and paper as a food source (Fig. 3A). 
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Figure 2. Towers type “México” used for the emergence of sterile adults (A) and chilled 
release box being loaded into the aircraft (B). 


Figure 3. PARC box (A) and "R2D2" devices (B) used for the emergence and feeding of 
parasitoids and their subsequent ground release in the field. 


204 P. LIEDO ET AL. 


After eight days, the emerged parasitoid adults were released. With the aim of 
improving the performance of these parasitoids, in the following year the release was 
implemented using “R2D2” devices, which are 20 litres plastic containers with mesh 
windows on the wall and cover. To increase the surface area, a corrugated plastic 
honeycomb was placed inside the containers. Each device contained approximately 
2000 parasitized pupae (Montoya et al. 2012). The *R2D2" devices are shown in Fig. 
3B. These “R2D2" devices replaced the PARC boxes in the second and third release 
years. 


3. RESULTS 
3.1. Biological Material 


Weekly variations in the number of sterile males released during the three release 
seasons are shown in Fig. 4. 


A) A. ludens sterile males 

35,000,000 
30,000,000 
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B) A. obliqua sterile males 
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Figure 4. Number of sterile males released per week in each of the three release seasons. 


A) A. ludens males of the Tapachula-7 and bisexual strains. B) A. obliqua males. 
Season 2012-13 is shown in blue, 2013-14 in orange, and 2014-15 in grey. 


AW-IPM OF FRUIT FLIES IN A TROPICAL MANGO AREA 205 


For the third season (2014-15), data are shown only up to week 22 when, based on 
the number and locations of wild fly detections, it was decided to modify the release 
polygon (see Section 4). It should be noted that since week 10 of this last season, the 
association of fruit growers took over the funding and coordinating of field activities, 
fulfilling the goal of technology transfer, and thus transforming a research project into 
an operational programme. 

The number of A. ludens sterile males released ranged between 10 and 20 million 
per week for most of the time for the three release seasons. Numbers for the 2013-14 
and 2014-15 seasons were consistently higher. With these quantities, the average 
densities released were 696, 891 and 849 males per ha for the seasons 2012-13, 2013- 
14, and 2014-15, respectively. The highest density was 2084 males / ha in week 46 of 
2013 and the lowest was 314 males / ha in week 1 of 2013. Considering the natural 
population dynamics of this species, in the first weeks of the calendar year it is key to 
have high sterile fly densities in the field, which was achieved in the 2014-15 season. 

For A. obliqua the quantities of sterile flies were smaller and the variation greater. 
The average densities released were 302, 323 and 299 males / ha for the seasons 2012- 
13, 2013-14, and 2014-15, respectively. The highest density was 543 males / ha in 
week 13 of 2014 and the lowest was 148 males / ha in week 40 of the same year. 

As of week 34 of 2014, there was a significant reduction in A. obliqua sterile fly 
availability and from week 49 to 52 of 2014 no biological material was received. This 
was attributed to production problems at the Moscafrut facility and due to the demand 
for this species by the National Campaign. 


3.2. Sterile Fly Densities 


The releases of sterile flies were monitored with Multilure traps deployed inside the 
area of the release polygon. Out of the total of 109 traps were deployed as part of the 
three trapping transects, 30 were located inside this polygon. Average fly per trap per 
day (FTD) values for trapped sterile males in these 30 traps for each season and 
species are shown in Table 3. 


Table 3. Average of sterile males captured per trap per day (FTD) in the release polygon 
in each of the three release seasons for A. ludens and A. obliqua 


Season A. ludens | A. obliqua 
2013-14 1363 | 0531 
2014-15 | 0472 | 0135 


"Only until week 22, since the release polygon was modified afterwards 
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Another parameter used to monitor sterile fly releases was the percentage of traps 
that trapped sterile flies, regardless of the amount captured. This parameter informs 
about the uniformity of the releases. Fig. 5 shows how this percentage varied 
throughout the year for the two species in the three seasons. The average percentage 
of traps that trapped sterile flies in each season ranged from 53 to 66% for A. ludens 
and 27 to 60% for A. obliqua. The lower value in A. obliqua corresponded to the 2014- 
15 season and was related to the suspension of releases from week 49 to 52 due to 
lack of biological material. 


A. ludens sterile males 


Percent 


4749511 3 5 7 9 111315 17 19 2123 25 27 28 3133 35 37 39 41 43 45 
Week 


A. obliqua sterile males 


Percent 


485052 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 
Week 


-—-2012-13  —2013-14  —2014-15 


Figure 5. Percentage of traps with capture of sterile flies in each of the three release seasons 
for A. ludens and A. obliqua. 


The sterile: fertile ratio refers to the number of sterile males compared to the 
number of fertile or wild males in the monitoring traps. This relationship is the basis 
of the Knipling model (Knipling 1955), which in turn is the foundation of SIT 
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application. The ratios achieved for each species and in each season are shown in 
Table 4. In the case of A. ludens, considering the total catches throughout the complete 
season, the sterile: fertile ratios were always higher than 200:1 and in the 2013-14 
season the ratio was 519:1. In A. obliqua these ratios were much lower, even in those 
cases where the number of sterile males trapped was similar to A. ludens (i.e. season 
2012-13). 


Table 4. Number of sterile and fertile or wild males captured in traps and the 
corresponding sterile: fertile ratio for A. ludens and A. obliqua in the three seasons 


Season A. ludens A. obliqua 


Sterile Fertile S:F Sterile Fertile S:F 


2012-13 7936 | 31 256 6 956 618 m 
2013-14 | 15058 | 29 | 519 5 929 145 4l 
2014-15 | 2131 | 10 23 | 575 | 25 25 


* Only includes the first 22 weeks, since the release polygon was modified afterwards 


Empirical evidence indicates that to obtain good suppression, the sterile: fertile 
ratio must be greater than 30:1, but ideally greater than 100:1 (Flores et al. 2014, 
2017). The achieved sterile: fertile ratios were satisfactory in the case of A. ludens, 
particularly in the 2013-14 season, when the average release density was 891 males / 
ha. While in the case of A. obliqua, the lower release densities (averages «350 males 
/ ha) together with the larger wild populations resulted in sterile: fertile ratios much 
lower than the target of 100:1. 


3.3. Wild Population Densities 


To make an estimate of wild population levels we used wild female catches. During 
the four monitoring seasons, considering all the traps, a total of 3792 4. ludens and 
37 445 A. obliqua females were trapped. This represents a 9.8 times greater catch for 
A. obliqua. To assess the effect of the sterile fly releases, only the traps located in the 
release polygon were considered (Fig. 6). 

The wild populations in the first 2012-13 season were higher in the release polygon 
than in the preceding year without them. In the subsequent 2013-14 and 2014-15 
seasons, the density of sterile flies was increased, and this situation was reversed. The 
populations were significantly suppressed. The suppression effect ranged from 76 - 
81% for A. ludens, while for A. obliqua, despite the low sterile: fertile ratio, 
suppression ranged from 89 to 91%. The suppression is confirmed by a comparison 
of the mean numbers of females per trap per two seasons between the release polygon 
and the traps located at the north of the polygon (Fig. 7), where no control measures 
were applied, and south of the polygon, where most commercial mango orchards are 
located and which was the protected area. 
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Figure 6. Capture of wild females, expressed in FTD (flies per trap per day), for ^. ludens 
and A. obliqua during four seasons in the release polygon. The 2011-12 season without and 
the other three seasons with ABC and SIT releases. 


Releases of D. longicaudata parasitoids resulted in a significant increase in the 
parasitisation rate. Table 5 shows these rates in the area of the polygon where 
parasitoids were released and in the control area where no releases were made. 
Parasitism by D. longicaudata in the area where releases were made was 15.12%; the 
other 1.38% was by native parasitoids. Montoya et al. (2017) provide more detailed 
information on the effects of the D. longicaudata releases. 


Table 5. Number of flies, parasitoids and parasitisation rate in the zone with augmentative 
releases of D. longicaudata and the control zone without releases 


Parasiism Fruit samples with 
Zone Flies Parasitoids (96) parasitoids (%) 
0 


Without releases 468 5 1.05 3.8 


With releases 5271 947 16.50 21.7 
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Figure 7. Mean (SE) capture of wild females expressed in flies per trap for A. ludens and A. 
obliqua in the 2012-13 and 2013-14 seasons within the release polygon and in the traps 
located north and south of the release polygon. 


3.4. Infested Batches and the Species of Concern 


The differences in abundance observed between the two species - A. ludens and A. 
obliqua - were consistent and in agreement with what was previously reported (Aluja 
et al. 1996). However, this difference did not match the detection of infested batches 
of mango in the packing houses: more than 94% of the infested lots were by A. ludens 
(information provided by the State Committee for Plant Health of Chiapas) (Table 6). 

In 2014, Aluja et al. (2014) reported that mango cultivar Ataulfo was not infested 
by A. obliqua when fruits were still on the trees. Only the fruits known as "mango 
nifio" (baby mango) were infested. These are small fruits of the same cultivar that do 
not grow as the normal fruits. The Ataulfo cultivar is the one that occupies the largest 
surface area in Chiapas and represents more than 9096 of mango exports. This 
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observation made us conclude that A. /udens was the important species to suppress to 
minimize or prevent fruit infestation. This new knowledge was fortunate as the 
programme could receive sufficient sterile male A. ludens to achieve densities of 800 
to 1000 males per ha, reaching sterile: fertile ratios of more than 100:1. 


Table 6. Number of infested batches at the packing houses per species and the percent of 
those infested by Anastrepha ludens 


Season A. obliqua | A. ludens | % A. ludens 


2012 21 390 94.9 
2013 » | a | 98 
Qu 6 | m6 | 95 
2013 3 | 21 | 988 


4. FROM A RESEARCH PROJECT TO AN ACTION PROGRAMME 


Considering the four seasons of the research project, we were able to verify and 
validate the effectiveness of the SIT and the ABC for the suppression of populations 
of these two species of fruit flies. The strategy of establishing a "biological barrier" 
between the midlands and highlands with high fruit fly populations, and the lowlands, 
where the largest area planted with commercial mango is located, seemed to be 
appropriate to reduce fruit fly infestation in mango from 76% to 91%. Nevertheless, 
for an action programme, monitoring should be expanded so that the location of this 
"biological barrier" is dynamic and can be adapted to the situation of the pest. Also, 
the importance of achieving high sterile to fertile ratios before the start of the mango 
season should always be kept in mind. 

At this stage of the research project, growers were very interested in continuing 
the releases of sterile insects and parasitoids. They were willing to contribute the 
needed funds, and to fulfil the requirements to be considered for participation in the 
National Campaign. It was decided to focus only on A. ludens, and the National 
Campaign offered to provide the programme with 15 million sterile males (Tapachula- 
7 genetic sexing strain) and 5 million D. longicaudata for the ABC. 

A technical group to follow up the programme was established with participants 
from the mango growers' union, the State Plant Health Committee, the National Fruit 
Fly Campaign and ECOSUR (EI Colegio de la Frontera Sur, public research centre). 
This technical group meets every two weeks or weekly, depending on the time of the 
year. The technical group agreed on the design of a new release polygon of 15 000 ha 
based on the pest situation and the availability of biological material. Releases of 
sterile flies and parasitoids have not been stopped since then. As an example of this 
follow-up, the situation for week 25 in 2016 is shown in Fig. 8, with the location of 
the modified release polygon (40 x 3.75 km), the aerial release lines, and the location 
of the monitoring traps indicating flies captured. 
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Figure 8. Modified release polygon of the action programme showing flight lines and the 
location of traps. Colour codes indicate type of trapped flies; sterile - fertile means that both 
types of flies were captured in the trap; these data correspond to week 25, 2016. 


Although there was no immediate suppression effect of sterile flies and parasitoids 
releases, the continued releases from 2012 to 2017 resulted in a gradual suppression 
of wild A. ludens populations and as a result the number of infested mango batches 
detected at the packing houses has been greatly reduced. The number of infested 
batches per season, and the corresponding index of infested batches per ton of 
exported mangoes are shown in Fig. 9. These results are encouraging and demonstrate 
the long-term effects of area-wide integration ofthe SIT and the ABC. They also show 
that with good knowledge of the dynamics of fruit fly populations it is feasible to 
design AW-IPM programmes, integrating the SIT and the ABC in the management of 
fruit flies under tropical conditions where pest populations are normally high. 
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The challenge now is to maintain and refine the releases of sterile flies and 
parasitoids and assess whether their synergistic effect will further decrease the pest 
populations, and in the long term minimize or avoid bait insecticide sprays in the 
region. 
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Figure 9. Number of infested batches detected at packing houses per season (A) and index of 
infested batches per ton of exported mangoes (B). The arrow shows when releases of sterile 
flies and parasitoids were initiated. 
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SUMMARY 


In Brazil, 99% of the apple growing areas are concentrated in the southern region, with an annual harvest 
of more than 1.2 million tons of fruits and a supply chain amounting to USD 1900 million. Despite the 
occurrence of several species of tephritid fruit flies in the region, the South American fruit fly, Anastrepha 
fraterculus (Wiedemann) (Tephritidae) represents 98.5% of the flies captured in commercial apple 
orchards. The gross value of yield losses and the cost of associated chemical control of this pest were 
estimated at close to USD 8 million per year. Moreover, the infestation rate by A. fraterculus has increased 
during the past four years, as the most commonly used insecticides have been banned. Brazilian researchers, 
along with state institutes and the Brazilian Association of Apple Producers (ABPM) have been promoting 
environment-friendly alternatives to insecticide application, such as sterile insects and parasitoids, to 
suppress the pest, and created the Moscasul Biological Control and Integrated Fruit Fly Management 
Center. After receiving the support of the Ministry of Agriculture at the end of 2014, almost USD 600 000 
have been invested in constructing a rearing facility for A. fraterculus at the Agricultural Experiment 
Station of EMBRAPA (Brazilian Agricultural Research Corporation), Vacaria, Rio Grande do Sul, Brazil. 
The first containerized laboratory modules were installed in May 2016. During the pre-operational phase 
of the project, pilot trials were planned in apple orchards at Vacaria. As the Center for Nuclear Energy in 
Agriculture (CENA) has a 250 m? facility to produce fruit flies, including radiation sources, the sterile flies 
for the pilot trials will be initially provided by CENA. Both sterile flies and Diachasmimorpha longicaudata 
(Ashmead) parasitoids will be released in the surrounding non-commercial vegetation located within a 50- 
100 m buffer zone in the periphery of the target orchards, as these areas are the native breeding sites and 
repositories of the wild flies. Based on the wild population densities of the in the target orchards (114 ha) 
and the surrounding forested areas (111 ha), about 150 000 sterile flies per week will be required for the 
first pilot phase. After the fine-tuning of all rearing and sterilisation procedures in the beginning of 2017, 
CENA will ship more than 200 000 irradiated pupae weekly by air to Vacaria for 6 months, starting in 
September when the level of the wild fly population is lower. The results may influence the direction of 
future control tests and benefit the area-wide management of A. fraterculus involving hundreds of apple 
producers in the region and other temperate fruit growing farmers from southern Brazil. 


215 
J. Hendrichs, R. Pereira and M. J. B. Vreysen (eds.), Area-Wide Integrated Pest Management: 
Development and Field Application, pp. 215—230. CRC Press, Boca Raton, Florida, USA. 
O 2021 IAEA 


216 A. KOVALESKI AND K. MASTRANGELO 
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1. INTRODUCTION 


Refuting USA technical reports from the 1960s claiming that producing apples on a 
commercial scale would be impossible in Brazil, the apple industry has become one 
of the most recent success stories of fruit producers in the country (Klanovicz 2010). 
The joint efforts of industry, research institutions and extension services has resulted 
in an increase in apple yield from 2-4 to 28-30 tons per ha (Klanovicz 2010). In 1986, 
the First Santa Catarina Apple Festival was celebrated at Fraiburgo, where the 
Brazilian Association of Apple Producers (Associação Brasileira dos Produtores de 
Maca — ABPM) launched the campaign "The Brazilian Apple: the sin that worked 
out right". By 1989, commercial apple production had become firmly established in 
Brazil (Brazilian Apple Yearbook 2017). 

Recently, in only 30 years, Brazil almost reached self-sufficiency in apple 
production, with a total planted area of 34 399 ha, a yield of 38.9 tons/ha and a total 
of 1 247 088 tons produced in 2016/2017; the supply chain of the sector amounts to 
USD 1900 million per year (Brazilian Apple Yearbook 2017). More than 4300 
growers are distributed throughout the three southern states of Brazil (Rio Grande do 
Sul, Santa Catarina and Paraná), where 99% of Brazil's apple production is located 
(GAIN Report 2016). 

The municipalities of Sao Joaquim (Santa Catarina state) and Vacaria (Rio Grande 
do Sul state) have taken turns leading the production volume (ca. 400 000 tons in each 
one, depending of the year) (Brazilian Apple Yearbook 2017). These localities 
present the most favourable weather conditions, with colder winter temperatures (1.e. 
more than 900 hours below 7.2°C), mean annual temperature of 15.2°C, altitudes 
higher than 800 m, as well as mild summer and autumn days, but with cold nights 
(10-15°C), ideal for the physiological processes of temperate fruit trees (Petri et al. 
2011). 

Despite all the technological advances that allowed the successful establishment 
of the apple production in the highlands of the states of southern Brazil, the orchards 
are constantly under threat of important pests like the European red spider mite 
(Panonychus ulmi Koch), woolly apple aphids (Eriosoma lanigerum Hausmann), 
Brazilian apple leafroller (Bonagota salubricola Meyrick), oriental fruit moth 
(Grapholita molesta Busk) and the South American fruit fly (Anastrepha fraterculus 
Wiedemann). 

In October 1991, the codling moth, Cydia pomonella L., was detected in urban 
areas of four municipalities, but never invaded the commercial farms. Brazil was 
declared free of this pest in May 2014 after a successful eradication programme that 
was mainly based on host-tree removal in household backyards of urban and suburban 
areas (Kovaleski and Mumford 2007). 

In 2015, the South American fruit fly became the target of another integrated pest 
management (IPM) programme. 
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2. IMPORTANCE OF THE SOUTH AMERICAN FRUIT FLY IN SOUTHERN 
BRAZIL 


The South American fruit fly is a complex of cryptic species that comprises at least 
eight different morphotypes under the same species designation (Hernández-Ortiz et 
al. 2012). This complex is distributed from Texas to Argentina and can attack more 
than 80 species of host fruit trees (Steck 1998; Norrbom 2004). The flies develop 
within the range of 15-30°C, and the main biological characteristics at 25°C are: pre- 
oviposition period of 7-14 days; oviposition until 46-62 days (fecundity can reach 40 
eggs/female/day, with an average of 25.2 eggs/female/day, and one female can lay up 
to 979 eggs during her lifetime); embryogenesis lasts 1-3 days; larval development of 
10-14 days and a pupal period of 11-21 days (Machado et al. 1995; Salles 1993, 2000; 
Vera et al. 2007; Cladera et al. 2014). 

The damage caused by A. fraterculus on apples occurs soon after the beginning 
of fruit development (ca. 2 cm diameter) and is caused by the piercing of the fruit 
skin by the female ovipositor, causing lesions in the fruit that result in fruit 
deformations (Magnabosco 1994; Sugayama et al. 1997). In case fully developed 
fruits get infested, the external symptoms usually do not appear, but the pulp may be 
destroyed by larvae (Kovaleski et al. 2000). 

The pomiculture in southern Brazil has suffered heavy losses due to the attacks of 
A. fraterculus over several years, and the annual yield losses and associated annual 
costs of chemical control of this pest alone have amounted to more than USD 7.9 
million (Salles 1998; Nora and Hickel 2002; Kovaleski and Ribeiro 2003). 

Despite the presence of the Mediterranean fruit fly Ceratitis capitata 
(Wiedemann), Rhagoletis spp., and more than 10 other fruit fly species of the 
Anastrepha genus in southern Brazil (Kovaleski et al. 2000), A. fraterculus represents 
98.5% of the flies captured in commercial apple orchards (Canal Daza et al. 1994; 
Nora et al. 2000; Santos et al. 2017). 

Pre-harvest management of fruit flies has been implemented almost exclusively 
with chemical methods, and the control effort has been guided by population 
monitoring with McPhail traps with a solution of 25% grape juice or hydrolysed 
proteins (McPhail 1937; FAO/IAEA 2018) (Fig. 1). 


Figure 1. Weekly field monitoring of Anastrepha fraterculus populations in commercial apple 
orchards with McPhail traps baited with fruit juice or hydrolysed proteins. 


218 A. KOVALESKI AND K. MASTRANGELO 


The number of traps deployed depends on the size of the orchards, i.e. 4 traps/ha 
for areas up to 2 ha, and 2 traps/ha for areas between 2 and 5 ha (Kovaleski et al. 
2000). Growers mostly have used a solution of 25% grape juice as the common 
attractant with the traps, but there are concerns with respect to their efficiency for 
fruit fly monitoring in apple orchards (Bortoli et al. 2016). Recent studies have 
demonstrated that protein-based lures of plant or animal origin (e.g. BioAnastrepha™ 
and Ceratrap™, respectively) are better attractants for A. fraterculus (Scoz et al. 2006; 
Rosa et al. 2017). 

As the A. fraterculus populations usually invade apple orchards from the 
surrounding areas, where they develop on non-commercial preferred hosts (Kovaleski 
et al. 1996; Sugayama et al. 1997; Santos et al. 2017), growers have traditionally 
applied weekly toxic bait sprays at the periphery of the apple orchards. The use of 
these baits (composed of water + insecticide + attractant such as hydrolysed proteins 
or 5-7% sugarcane molasses) is intensified in the first months of fruit growth, when 
the introduction of ovipositor may lead to external fruit deformations (Kovaleski et 
al. 2000). 

When the number of adult flies captured inside the orchard exceeds a threshold 
level of 0.5 flies per trap per day (FTD) (a threshold level adopted by Brazilian 
growers since the 1980s), insecticides with systemic action and long residual effects 
are applied as cover-sprays, usually requiring 8 to 10 applications per season at a cost 
of about USD 240/ha/year. 

Due to their low cost and residual properties (Harter et al. 2015), organophosphate 
insecticides have been heavily used by Brazilian growers for more than 20 years 
(Puzzi and Orlando 1957; Salles and Kovaleski 1990; Kovaleski and Ribeiro 2003). 
Many organophosphate insecticides, however, are being gradually banned or the 
maximum tolerable residue levels have been drastically reduced for exported fruits 
and derivatives like juice, concentrates and purees (Rawn et al. 2006; Eddleston et al. 
2012). For example, fenthion was the most commercialized insecticide to control A. 
fraterculus in Brazilian apple orchards until 1997, when the growers stopped using it 
due to the risk of rejection of the fruits on international markets (Kovaleski et al. 
2000). In addition, there is the risk of insecticide resistance developing in 4. 
fraterculus as reported for C. capitata (Couso-Ferrer et al. 2011). 

In order to meet the requirements of international markets for low residues on 
fruit, growers are increasingly being pushed to avoid insecticide applications against 
A. fraterculus during longer periods before harvest. Consequently, many apple 
orchards are being left unprotected from this pest during periods when the fruits are 
most susceptible. 

In the absence of chemical control, the yields of apple orchards can be reduced 
with up to 30% due to A. fraterculus damage (Kovaleski et al. 2000). The shrinking 
choice of insecticides available to control A. fraterculus in Brazil, coupled with public 
demand for sustainable alternatives, have created a significant opportunity for 
promoting the area-wide augmentative biological control using sterile insects and 
parasitoids. 


SOUTH AMERICAN FRUIT FLY SUPPRESSION IN SOUTHERN BRAZIL 219 


3. POPULATION DYNAMICS OF THE SOUTH AMERICAN FRUIT FLY IN 
APPLE ORCHARDS OF SOUTHERN BRAZIL 


Tephritid pest population dynamics are largely affected by climatic features and 
availability of hosts (Aluja et al. 2012). This was confirmed by the general dynamics 
of the A. fraterculus populations of the highlands of the midwestern plateau of Santa 
Catarina and the mountainous region of Rio Grande do Sul, where dynamics of this 
fly have remained relatively constant for the last 20 years (Salles 1995; Garcia et al. 
2003; Calore et al. 2013; Santos et al. 2015, 2017). 

Trap captures over a period of 10 years showed that A. fraterculus population 
densities were higher between November and February (spring-summer), but 
between May and September (autumn-winter) they practically disappear from the 
commercial apple orchards when mean daily temperatures drop below 15?C and host 
availability is very low (Fig. 2) (Salles and Kovaleski 1990). This pattern of 
population fluctuation has remained unchanged in most apple orchards to date (Santos 
et al. 2017). 
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Figure 2. Mean monthly temperatures and population fluctuation of Anastrepha fraterculus 
(FTD) from commercial apple orchards (represented by a dark solid line) and from adjacent 
native forest (by a lighter broken line), together with the availability of apples and wild hosts 
at Vacaria, Rio Grande do Sul from September 1994 to November 1996 (from Kovaleski et al. 

2000). 


The presence of natural hosts from the family Myrtaceae (Malavasi et al. 1980) 
in the forested areas, bordering the apple orchards, provide an opportunity for A. 
fraterculus populations to be maintained throughout the year in the region. The 
natural hosts are mainly the cherry of the Rio Grande (Eugenia involucrata DC), 
guabiroba (Campomanesia xanthocarpa Berg) and pineapple guava (Feijoa 
sellowiana Berg) (Fig. 2), which bear fruits in November, December-January, and 
February-May, respectively (Kovaleski et al. 2000). 
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In the beginning of November, the cherries of the Rio Grande can be infested by 
A. fraterculus females who are residuals from the previous autumn season. When the 
adults that emerged from the infested cherries become sexually mature, they infest 
the guabirobas, but available mature apples can also be attacked. After January, 
pineapple guavas are preferably infested. As the temperatures start to drop in April, 
the larval development in these guavas can be prolonged until 80 days, and the pupal 
period can last up to 120 days (Kovaleski 1997; Kovaleski et al. 2000). The flies that 
emerge in August and beyond May survive until the appearance of new cherries, 
guabirobas and apples in November (adult overwintering). Thus, autumns with high 
availability of pineapple guavas and mild winters can be followed by high A. 
fraterculus populations in the spring. The late infestation of apples during March- 
April may also produce a certain amount of pupae, whose adults can emerge at the 
end of winter (or overwintering as immatures) (Kovaleski et al. 2000). Therefore, the 
4-5 months (June - October), when mean temperatures are below 15?C and no host 
fruits are available, cause a natural decline in A. fraterculus populations each year, 
creating a perfect window of opportunities for the initiation of the release of 
parasitoids and sterile flies in the forested areas surrounding apple orchards. 

The area-wide management of A. fraterculus in the commercial apple orchards in 
southern Brazil is facilitated by the absence of resident populations in the apple 
orchards, as the natural breeding sites of this pest are the native forests (Kovaleski et 
al. 1996, 1999; Santos et al. 2017). In the sierra region, where apple orchards and 
forested areas intermingle, traps located closer to the forested areas generally catch 
much more flies (e.g. values can even reach 20 FTD) than those deployed inside the 
orchards (Fig. 3). 

Almost 80% of the damage to fruits occurs in the periphery of the first lines of the 
apple orchards, because of the prevalence of the foraging behaviour of A. fraterculus 
for oviposition sites and food resources rather than migratory movements (Sugayama 
1995; Kovaleski et al. 1996, 1999). 

Sugayama et al. (1997) described the diel pattern of A. fraterculus in Brazilian 
apple orchards. When an apple orchard is located closely to forests, most of the flies 
do not remain in the orchard during the night. The females mostly oviposit their eggs 
between 16 and 17 h and at nightfall they return to the forested areas. The fact that 
apple trees in Brazilian orchards do not form dense canopies that could serve as 
shelter can contribute to this behaviour. Furthermore, apples can be considered 
alternative hosts for A. fraterculus (Salles 1995) as most varieties behave as poor 
hosts. Immature apples are unsuitable hosts, with less than 196 of survival to pupal 
stage, and the reproductive rates of A. fraterculus in mature apples is usually low (e.g. 
under field conditions, infestation levels reach 600-800 pupae/kg of apple) 
(Sugayama 1995; Sugayama et al. 1998; Sugayama and Malavasi 2000). 

A decade-long study (Kovaleski et al. 2000) that included fly monitoring, release- 
recapture trials and host surveys has demonstrated that A. fraterculus populations are 
primarily present in the forested areas that contain native hosts surrounding the apple 
orchards (Fig. 3). Consequently, these areas should be the primary targets for 
suppression and the release of sterile flies and parasitoids starting in September. 
Maintaining sufficient overflooding ratios throughout the final winter months and 
spring-summer should theoretically suppress the wild populations. 
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4. THE STERILE INSECT TECHNIQUE AGAINST THE SOUTH 
AMERICAN FRUIT FLY 


The Sterile Insect Technique (SIT) is an effective and environment-friendly control 
technology that relies on inundative releases of mass-reared insects, sterilized by 
ionizing radiation (Dyck et al. 2021). This technique has been applied as a component 
of many area-wide integrated pest management (AW-IPM) programmes against fruit 
flies, moths, screwworms and tsetse flies (Vreysen et al. 2007). 
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Figure 3. Annual trap catches of wild Anastrepha fraterculus in McPhail traps baited with 
grape juice in a commercial apple orchard largely surrounded by forest in Vacaria, Rio 
Grande do Sul, during the 2016-2017 harvest. 


For example, almost 300 million sterile flies are produced per week at the 
Moscafrut facility for the control of several Anastrepha species of economic 
importance in southern Mexico (Orozco-Davila et al. 2017). In British Columbia, 
Canada, the wild populations of C. pomonella are being kept at minimum levels since 
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1997 through the release of sterile moths from the Okanagan-Kootenay Sterile Insect 
Release (OKSIR) Programme, with populations reduced by 94% and damage reduced 
to less than 0.2% of fruits in more than 90% of the orchards in the programme area 
(Judd and Thompson 2012; Simmons et al. 2021; Nelson et al., this volume). 

Despite all the knowledge gathered on the biology and genetics of A. fraterculus 
(Cladera et al. 2014), AW-IPM programmes integrating the SIT against this pest are 
still not being implemented. The SIT has several technical components and major 
requirements that need to be met: (1) availability of accurate baseline data on the 
target wild population (e.g. population density in space and time, dispersal patterns 
etc.); (2) methods available to mass-rear the insect at reasonable cost; (3) irradiation 
procedures for proper sterilisation of large batches of the mass-produced insect; (4) a 
reliable quality control management system of the sterile insects that is applied 
routinely; (5) transport, fly emergence, handling and release technologies available; 
(6) adequate sterile to wild male overflooding ratios in the field in order to guarantee 
a significant induction of sterility in the wild population (Dyck et al. 2021). Most of 
these issues have been addressed by studies conducted with A. fraterculus, especially 
by researchers from Argentina and Brazil (Ortiz 1999). 

Morphological and genetic studies have revealed that A. fraterculus is actually a 
complex of cryptic species (Morgante et al. 1980; Steck 1991), and as a consequence, 
each morphotype should be treated separately for the successful implementation of 
the SIT (Whitten and Mahon 2021). At least eight morphotypes have been recognized 
so far based on integrative taxonomy and their geographic distribution in Latin 
America has been defined (Hernández-Ortiz et al. 2012, 2015; Devescovi et al. 2014; 
Hendrichs et al. 2015; Prezotto et al. 2017). The results obtained by Dias et al. (2016) 
showed the existence of full mating compatibility among A. fraterculus populations 
from southern Brazil (populations from Vacaria, Pelotas, Bento Gongalves and Sao 
Joaquim). Thus, southern Brazilian populations and Argentinean morphotypes are 
likely to belong to the same species within the A. fraterculus complex (Rull et al. 
2012, 2013). 

Significant progress has been made with the domestication and artificial rearing 
of A. fraterculus since the FAO/IAEA Workshop held in Viña del Mar, Chile, in 
November 1996 (Ortiz 1999), and large colonies have been successfully established 
in Argentina and Brazil (Salles 1992, 1999; Jaldo et al. 2001; Walder et al. 2006; Vera 
et al. 2007; Oviedo et al. 2011; Nunes et al. 2013). Walder et al. (2014) developed an 
artificial rearing system that allows rapid colony built-up and production of enough 
sterile insects for use in pilot-programmes. The available rearing system can still be 
optimized to increase insect yields. For example, the rearing costs at the Center for 
Nuclear Energy in Agriculture from the University of Sáo Paulo (CENA/USP) were 
reduced by half in 2016 when agar for the larval diet of Salles (1992) was replaced 
with carrageenan. Ninety litres of pupae (ca. 3 million pupae) of a strain from Vacaria 
were produced by the F; to the Fi» generation with mean values of 77.4%, 77.0% and 
0.49 for egg hatch, adult emergence and sex ratio (9/¢+9), respectively 
(Mastrangelo, unpublished data). 
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Radiation experiments with gamma and X-rays have shown that treating pupae of 
A. fraterculus with a dose of 40-60 Gy can induce 99% sterility in adult male flies 
(Bartolucci et al. 2006; Allinghi et al. 2007; Mastrangelo et al. 2010). Although the 
recommended sterilisation dose for treating pupae 48 h before emergence has been 
70 Gy in Argentina (Cladera et al. 2014; Alba et al. 2016), radiation studies with both 
gamma and X-rays and field cage tests carried out at CENA/USP with the Vacaria 
strain in 2016 demonstrated that treating pupae 72 h before emergence with 40 Gy is 
sufficient to produce 99% sterile flies (that are competitive against wild flies). This 
dose is sufficient as doses higher than 15 Gy induce complete atrophy of the females’ 
ovaries, and a sterile:wild male overflooding ratio of 45:1 induced more than 95% 
sterility in wild populations (Mastrangelo et al. 2018). 

The sterile flies can be released by static ground-based devices (such as cardboard, 
plastic or PVC boxes), mobile ground-based systems (such as bags or cardboard 
containers being released from a mechanical device) (Dominiak et al. 2010; Bjeliš et 
al. 2013), or as chilled adult flies delivered from small aircrafts or even drones (Tan 
and Tan 2011; Mubarqui et al. 2014; FAO/IAEA 2017). 

Despite all the advances made, some issues must be addressed yet, like 
automation of rearing processes, strain management and sex separation. Progress has 
been made to study the cuticular hydrocarbons and the chemical composition of the 
volatiles emitted by A. fraterculus males (Vanickova et al. 2012; Milet-Pinheiro et al. 
2015), but no specific lure is so far commercially available that would increase the 
accuracy of field-monitoring. Overall, however, nearly all technical problems have 
been solved by scientists, and the implementation of the SIT against A. fraterculus 
can already be performed at pilot scales. 

Most of the AW-IPM campaigns that include the SIT are composed of three 
phases of implementation: a preparatory pre-operational phase, a population 
reduction phase applying suppression measures and, then, the sterile insect release 
phase (Hendrichs et al. 2021). The pre-operational phase includes obtaining the 
commitment of all stakeholders, the development of funding mechanisms, of physical 
infrastructure (the establishment of mass-rearing, sterilisation, packing, fly 
emergence and release facilities) and securing appropriate management and human 
resources (ie. strong leadership, dedicated full-time staff, development of 
institutional capacity, flexible and independent management structure), collection of 
baseline data on the distribution and population dynamics of the target species, public 
awareness, pilot trials in the field, continuity of the implementation of the critical 
components of the project, and independent reviews of it. Although Cladera et al. 
(2014) stated that most of these human and managerial components were still missing 
in Argentina, the case in southern Brazil is different. The Brazilian apple industry 1s 
strongly organized and competent to support an endeavour against another pest, as 
demonstrated by the successful eradication of C. pomonella achieved in 2014 after a 
17-year campaign (Kovaleski and Mumford 2007; Capra 2014). 

In north-eastern Brazil, some progress has also been made in the past few years 
with the management of fruit flies and mosquitoes after the establishment of 
Moscamed Brasil in the San Francisco River Valley. This programme has focused on 
the suppression of populations of C. capitata in the valley with the integration of 
sterile males with other suppression methods (Malavasi et al. 2007). More than 20 
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million sterile males C. capitata were produced for a pilot project in 2006-2007, that 
successfully suppressed wild populations in more than 2000 ha of mostly mango 
orchards (Moscamed Brasil 2007). However, most C. capitata populations from the 
San Francisco River Valley are still very high (FTD > 2) due to the presence of 
alternative hosts almost all year round and an excessive number of neglected orchards 
(França 2016). In southern states, on the other hand, temperate fruit growers can count 
on a unique climate advantage (natural suppression during the winter) that makes the 
management of fruit fly populations less costly. 


5. HISTORY OF THE MOSCASUL PILOT PROJECT 


The Moscasul Biological Control and Integrated Fruit Fly Management Center 
project, including a mass-rearing facility for A. fraterculus and its parasitoids, to be 
established by EMBRAPA Grape & Wine and the ABPM, was first presented to the 
Federal Government of Brazil on September 18 2013, when it obtained the support 
of the Ministry of Science, Technology and Innovation. In December 2014, the 
Ministry of Agriculture, Livestock and Food Supply (MAPA) signed a cooperative 
agreement that included an investment of ca. USD 630 000 for the establishment of 
the Moscasul Center, and that was followed by parliamentary amendments from two 
senators and one congressman that increased that budget by USD 329 000. The total 
amount of resources obtained from authorities through these efforts by EMBRAPA 
and ABPM amounted to almost USD 959 000 for the initial phases of the project. 

After this initial support, almost USD 600 000 were invested in constructing the 
mass-rearing facility at the Agricultural Experiment Station of EMBRAPA Grape & 
Wine at Vacaria, and the first containerized rearing modules were installed in May 
2016 (Fig. 4). Twenty-one containers (fifteen larger ones: 12.9 m length x 2.9 m 
height x 2.4 width, and six smaller ones: 5.9 m x 2.9 m x 2.4 m) were installed in 
front of the agricultural station. 


Figure 4. Containerized rearing modules installed for the establishment of the Moscasul 
Biological Control and Integrated Fruit Fly Management Center at Vacaria, Rio Grande do 
Sul, Brazil. 


Each stage of rearing (i.e. adult colonies, larval rearing, pupal maturation and 
holding) will take place in separate containers. The selection of a modular system has 
several advantages: (1) less costly than building an entire single-unit brick facility, 
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(2) more species can be reared separately, (3) less susceptible to perturbations of daily 
operations (Tween 1987), and (4) insect production can be increased depending on 
the demand and availability of funds. 

After the political and economic turmoil in Brazil in 2015, the new Minister of 
Agriculture visited Vacaria on August 9% 2016, when partnership protocols were 
signed with representatives of research institutes (Universidade Federal do Rio 
Grande do Sul and CENA/USP) and growers’ associations (ABPM and the state 
farmer's associations AGAPOMI — Associação Gaúcha dos Produtores de Maçã, 
SINDOCOPEL - Sindicato das Indüstrias de Doces e Conservas Alimentícias de 
Pelotas, and APPRP — Associação dos Produtores de Pêssego da Região de Pelotas), 
and an additional USD 158 000 were raised from federal funds. In August 2017, 
EMBRAPA approved an internal project of USD 185 000 to support and implement 
A. fraterculus monitoring and SIT activities. 

A gamma or X-ray irradiator still needs to be acquired for the Moscasul Center 
for the sterilisation of the mass-reared flies. In the meantime, to avoid this constraint 
and more delays in field tests of the pre-operational phase, the CENA/USP at 
Piracicaba, Sáo Paulo state, accepted to sterilize the mass-reared flies during the first 
years of pilot projects. Since the 1970s, research on fruit flies and the SIT has been 
carried out at this institute, also with the support of the Joint FAO/IAEA Division, 
and a pilot facility (250 m?) is present since 1998 dedicated to the production of sterile 
insects of several species (e.g. up to 2 million sterile C. capitata can be reared per 
week) and to training (Walder 2002). This centre is equipped with two gamma 
irradiators, i.c. a GammaCell-220™ and a panoramic Gammabeam-650™ (MDS 
Nordion International Inc., Canada), and an X-ray irradiator RS 2400V (RadSource 
Technologies Inc., Buford, Georgia, USA). 

A pilot trial has been planned in three large apple orchards in Vacaria to 
demonstrate to growers the feasibility of using the SIT against A. fraterculus. Sterile 
fles will be released between the months of September and March only in 
surrounding zones of forests, covering a 50-100 m periphery of the target orchards, 
since these areas serve as reservoir of wild flies. Based on the monitoring data from 
15 consecutive years of the selected orchards, approximately 150 000 sterile flies per 
week would be required for the first pilot release phase. The A. fraterculus colonies 
of the Vacaria strain have been well established at both the EMBRAPA and CENA 
laboratories. After the fine-tuning of all rearing and sterilisation procedures during 
the first half of 2017, CENA is planning to ship more than 200 000 irradiated pupae 
weekly by air to Vacaria for 6 months, starting in September when the level of the 
wild fly population is extremely low in the three pilot areas following the winter 
(average FTD « 0.5). 

Most of the studies on marking and shipment procedures have been completed 
and the teams have received training in terms of surveillance, distribution of the sterile 
flies and identification of the caught insects. Depending on the level of production of 
Diachasmimorpha longicaudata (Ashmead) at EMBRAPA and CENA/USP at the 
time of the trials, this parasitoid is also intended to be released in some of the areas. 
The feasibility of shipping irradiated A. fraterculus eggs for the mass-rearing of D. 
longicaudata and Doryctobracon areolatus (Szépligeti) at Vacaria is also being 
assessed (Nunes et al. 2011; Costa et al. 2016). 


226 A. KOVALESKI AND K. MASTRANGELO 


Arrangements to establish a pilot trial releasing sterile flies and parasitoids to 
suppress A. fraterculus in peach orchards from the region of Pelotas are also being 
made. The results of these pilot trails will have the potential to influence the direction 
of future control tests and to lead towards the sustainable management of A. 
fraterculus by hundreds of apple farmers and other temperate fruit-growing farmers 
from the southern states of Brazil. 
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SUMMARY 


Stable flies are highly vagile and their dispersal ability appears to be limited only by the availability of 
hosts. In addition, stable fly larval developmental substrates are diverse, dispersed and often difficult to 
locate. This life history necessitates the use of area-wide integrated pest management (AW-IPM) strategies 
if effective control of stable flies is to be achieved, but complicates the use of the Sterile Insect Technique 
(SIT) and mating disruption technologies often employed in such programmes against other insect pests. 
Area-wide management of stable flies will require nationally or regionally coordinated implementation of 
traditional control methods, including sanitation/cultural, biological, and chemical technologies. An 
administrative structure will need to be implemented to coordinate, monitor, inspect and enforce 
compliance, especially if agronomic crop residues are integral to stable fly infestations. Research on stable 
fly developmental substrates and their management, larval and adult population dynamics, efficient and 
economical adult suppression systems, including traps and targets, is needed to improve the efficiency and 
economy of area-wide management of stable flies. 


Key Words: Stomoxys calcitrans, control, IPM, livestock, dispersal, crop residues, regional coordination, 
filth flies 


1. INTRODUCTION 


Stable flies, Stomoxys calcitrans (L.), are important, pests of livestock throughout 
much of the world. Their painful bites disrupt feeding and other behaviours of 
livestock (Dougherty et al. 1993, 1994, 1995; Mullens et al. 2006), reducing 
productivity (Campbell et al. 1993, 2001) and, in extreme infestations, resulting in 
mortality (Bishopp 1913). In addition to their effects upon cattle, stable flies disrupt 
human recreational activities (Newson 1977) and molest companion animals 
(Yeruham and Braverman 1995) and wildlife (Elkan et al. 2009) throughout their 
range. Landing counts of 80-100 flies per minute on humans have been observed on 
the beaches of north-western Florida (Hogsette et al. 1987). 

Adult stable flies are obligate hematophages, both males and females require 
blood prior to mating (Anderson 1978). Females need 3-4 blood meals to develop 


233 
J. Hendrichs, R. Pereira and M. J. B. Vreysen (eds.), Area-Wide Integrated Pest Management: 
Development and Field Application, pp. 233—250. CRC Press, Boca Raton, Florida, USA. 
© 2021 U. S. Government 


234 D. B. TAYLOR 


their first batch of eggs and 2 more for each additional batch (Bishopp 1913; 
Anderson and Tempelis 1970). After feeding, stable flies retire to a nearby surface, 
frequently warmed by the sun, to digest their blood meal. Immature stable flies 
develop in decaying or fermenting vegetative materials frequently contaminated with 
animal dung or urine (Simmons and Dove 1941, 1942; Silverly and Schoof 1955; 
Hafez and Gamal-Eddin 1959; Campbell and McNeal 1979; Hall et al. 1982) where 
larval densities can exceed 20 000 per square-meter of substrate (Patterson and 
Morgan 1986; Broce et al. 2005). 

Four species of flies, face fly (Musca autumnalis De Geer), house fly (Musca 
domestica L.), horn fly (Haematobia irritans (L.)), and stable fly are frequently found 
in association with livestock. Often, these flies are referred to collectively as “filth 
flies." Although morphologically similar, the behaviour and biology of these flies are 
distinct (Moon 2002; Zumpt 1973). Stable fly and horn fly are obligate parasites, 
primarily of livestock, with biting mouth parts. Face fly and house fly are non-biting 
fles with sponging mouthparts. Face fly and horn fly larvae develop in fresh, 
undisturbed bovine dung. Stable fly and house fly larvae develop in older or aged 
manure, frequently mixed with decomposing vegetative material as well as 
decomposing non-manure substrates. Horn flies are semi-permanent parasites, 
spending the majority of their adult life on a host, whereas stable flies are temporary 
parasites, visiting the host only to blood-feed. Face flies are obligate parasites as well, 
but rather than feeding on blood, they feed on mucus and other fluids around the eyes 
and mouth of the host. Because of these biological differences, many of the 
technologies and methods used for their management are species-specific. Proper 
identification of the offending fly species is essential before initiating a management 
programme. 


2. DEVELOPMENT IN CROP RESIDUES 


Many types of decomposing and fermenting organic materials support stable fly 
larval development (Hogsette et al. 1987), although in North America most 
practitioners consider residues from livestock production systems and barnyards to 
be the primary sources. This, however, has not always been the case. In the first half 
of the 20" century, straw of oats, rice, barley, and wheat were reportedly the most 
common developmental substrates. Population levels were correlated with grain 
production (Bishopp 1913) and severe stable fly outbreaks were attributed to 
development in peanut straw, celery and bay grass (Dove and Simmons 1941, 1942). 
Recently, agronomic crop residues have re-emerged as important sources of stable 
flies. Serious outbreaks associated with pineapple production have been reported in 
Costa Rica (Herrero et al. 1989, 1991), sugarcane in Brazil and Mauritius (Kunz and 
Monty 1976; Koller et al. 2009; Souza Dominghetti et al. 2015), and vegetable crop 
residues in Western Australia (Cook et al. 1999). Counts of greater than 2000 stable 
flies per animal are being associated with development in crop residues (Fig. 1). 
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This gives rise to one ofthe primary differences between the stable fly situation in 
the USA and that in Australia, Brazil, Costa Rica, and potentially other countries. In 
the USA, stable fly larval developmental sites are typically associated with livestock 
production. In a sense, livestock producers are responsible for the problem they 
perceive. Where stable fly developmental sites are being attributed to agronomic 
production and crop residues (e.g. Australia, Brazil and Costa Rica), another industry, 
or someone else, is responsible for the problem. Calls for regulation and government 
action are louder when someone else is to blame. 


Figure 1. Stable flies on leg of steer (left, photographer David Cook) and damage from stable 
fly bites in Costa Rica (right, photographer Jose Solórzano). 


3. AREA-WIDE MANAGEMENT 
3.1. Need for Area-wide Management 


The biology of stable flies necessitates the incorporation of area-wide concepts for 
their management. Adults are highly vagile, capable of flying up to 30 km in 24 hours 
on a flight mill (Bailey et al. 1973) and 8 km in less than 2 hours in the field. Mean 
dispersal distance from a natural larval developmental site was 1.5 km (Taylor et al. 
2010), however Hogsette and Ruff (1985) reported individual flies dispersing over 
225 km. The dispersal ability of stable flies appears to be limited only by the 
availability of hosts. They disperse until suitable hosts are located. Because both male 
and female stable flies require a blood meal prior to mating, most of the dispersing 
flies appear to be physiologically young. The efficacy of managing stable flies on 
individual premises, or focusing control efforts to locations where populations 
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exceed the economic threshold, is limited by the ability of flies to disperse from 
premises and locations with no stable fly control to those attempting to control this 
pest. 

Insects are best targeted for control when they are concentrated, immobile and 
accessible (Horsfall 1985). For stable flies, as for most pestiferous Diptera, this would 
be during the immature or larval stage. However, stable fly larval developmental 
substrates are diverse, dispersed and often difficult to locate. Stable fly larvae have 
been observed in a broad variety of substrates including flotsam containing 
decomposing mayfly exuvia (Pickard 1968), aquatic plants (King and Lenert 1936; 
Simmons and Dove 1941), livestock wastes (Meyer and Petersen 1983; Broce et al. 
2005), agronomic wastes (Bishopp 1913; Dove and Simmons 1941; Solórzano et al. 
2015; Cook et al. 2011, 2017), grass clippings (Silverly and Schoof 1955; Todd 1964) 
and sewage sludge (Doud et al. 2012). 

Beyond “fermenting organic material", little is known about the biological, 
chemical and physical factors defining developmental substrates (Gilles et al. 2008; 
Wienhold and Taylor 2012; Friesen et al. 2016). An active microbial community is 
necessary for larval development (Lysyk et al. 1999; Romero et al. 2006). As the 
number of coliform bacteria declines with microbial succession, so does the 
suitability of the substrate for stable fly development (Talley et al. 2009). Because 
substrates are suitable for stable fly development only during specific phases of 
decomposition, developmental sites are most often ephemeral, supporting only one 
generation of flies (Talley et al. 2009; Taylor and Berkebile 2011). These sites are 
broadly dispersed throughout rural and urban landscapes. Even relatively small sites 
can produce large numbers of flies (Todd 1964; Patterson and Morgan 1986). These 
characteristics complicate our ability to locate larval developmental sites for 
management prior to adult emergence. 

Because of their painful bites and persistent feeding behaviour, just a few stable 
flies can reduce the productivity of livestock, harass companion animals and disrupt 
human recreational activities. The economic threshold for stable flies on feeder cattle 
in feedlots has been established at five flies per front leg (~15 per animal as stable 
flies preferentially bite the front legs (Campbell and Berry 1989; Berry et al. 1983)), 
although cattle often exhibit defensive behaviours with fewer flies (Mullens et al. 
2006). When infestations reach very high levels, cattle may no longer resist, and 
mortality may follow (Bishopp 1913). 

Classic integrated pest management (IPM) programmes are based upon the 
concept of initiating control measures only after the pest population reaches an 
economic threshold (Metcalf and Luckman 1975). Because stable fly larval 
developmental sites are difficult to locate prior to adult emergence and larvae are 
intrinsically innocuous, economic thresholds are based upon counts of adult flies 
biting animals (Campbell and Berry 1989). By the time adult counts exceed the 
economic threshold, most have already emerged, and it is too late to initiate larval 
control procedures. Because of the ability of stable flies to move from property to 
property, the broad range of development sites and substrates, and the relatively low 
numbers of flies needed to inflict economic damage, effective management must be 
approached from a preventive, area-wide perspective. 
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3.2. Challenges for Area-wide Management 


Area-wide management programmes often involve the use of mating disruption with 
pheromones or mass-production and release of insects with reduced reproductive 
potential. Unfortunately, aspects of stable fly biology are not conducive to the use of 
mating disruption. Unlike many Lepidoptera, muscoid Diptera such as stable flies 
lack volatile pheromones (Blomquist et al. 1987) suitable for mating disruption. 
Rather, their mate recognition pheromones are non-volatile cuticular hydrocarbons 
which act on contact, or at very close range (Muhammed et al. 1975; Uebel et al. 
1975; Carlson and Mackley 1985). 

Release of flies with genetic changes, whether induced by irradiation or 
transgenesis (Box 1), is complicated by three aspects of stable fly biology: 

First, both male and female stable flies are obligate hematophages, blood-feeding 
1-3 times per day for their entire life (Harris et al. 1974). Releasing large numbers of 
biting flies will increase the burden on livestock significantly. 

Secondly, stable fly populations can be very large. Huge numbers of flies with 
non-persistent or threshold dependent genetic modifications must be released to 
attain the ratios necessary for control. Releasing such numbers of painful biters will 
meet with public protests. Added to this, their ability to disperse requires that even 
greater numbers be released over wider areas. 

Thirdly, because of their high reproductive rate, short of eradication, small 
populations can recover to outbreak proportions quickly, precluding the concept of 
releasing flies with genetic changes for a limited period of time when natural 
populations are low with the hope of retarding later population growth. 


Box 1. Non-Persistent and Persistent Genetic Changes 


Genetic changes caused for example by irradiation, or the insertion of external genetic constructs 
(transgenesis) through modern biotechnology, can reduce the reproductive fitness ofan insect. These 
genetic changes can be non-persistent or persistent in the target pest population (Carter and Friedman 
2016). For example, the genetic changes of released sterile insects are non-persistent because they 
are not expected to persist in the environment. The released insects mate with wild insects reducing 
their fitness, but their genetic changes are not passed to their progeny. Therefore, programmes 
releasing insects with non-persistent genetic changes such as the Sterile Insect Technique (SIT) must 
release them continuously in numbers that greatly exceed the target population, often in the range of 
10:1 to 200:1 (Knipling 1955). Because the random dominant mutations induced by irradiation 
render flies sterile, genetic changes do not persist in the environment, thus these SIT programmes 
have met broad public acceptance, and several are currently active (Klassen et al. 2021). 

Persistent genetic modifications are designed to be, at least temporarily, incorporated into the 
gene pool of the target reducing either fitness or pathogenicity (Champer et al. 2016). Persistent 
modifications are often linked with a genetic drive mechanism to allow them to increase their 
frequency in the pest population. Genetic drive constructs can be subdivided into threshold dependent 
and threshold independent (Carter and Friedman 2016). The frequency of threshold dependent 
constructs must exceed a given level, the threshold, before increasing in frequency. Threshold 
independent constructs can theoretically be introduced into a population at a very low level and they 
will increase their frequency to fixation, replacing the original or natural population. Because these 
constructs can persist in nature and even replace the natural population, they are receiving a great 
deal more regulatory and ethical scrutiny than non-persistent technologies. 
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Given these constraints, the most viable option for genetic control of stable flies 
would be to release small numbers of persistent genetically modified flies with a 
threshold independent gene drive construct. Pending the development of such 
constructs and public acceptance of the release of such genetically modified 
organisms that are expected to become established and spread in the pest population 
(Box 1), our area-wide options for stable fly control are limited to the integrated 
implementation of traditional management technologies including cultural, biological 
and chemical methods. 


3.3. Prerequisites for Area-Wide Management 


3.3.1. Public Support / Consensus / Demand 

Area-wide management programmes are administratively complex and require 
longer-term commitment (Hendrichs et al. 2007; Vreysen et al. 2007). A primary 
prerequisite for establishing such a programme is stakeholder collaboration and 
public recognition of the costs and benefits. This requires effective outreach to ensure 
that the public is aware of the damages and knowledgeable of the etiological agent. 

Outreach is especially important for a pest such as stable flies. Producers often 
fail to differentiate among the species of muscoid flies associated with livestock. 
These flies are morphologically similar to the untrained eye. When querying 
producers about stable fly problems, one frequently hears “no, I don't have a stable 
fly problem, I have a fly problem." Similarly, when fielding calls from producers 
seeking assistance with flies, they are rarely able to identify the species of fly with 
which they are dealing. Smaller species, such as horn flies, are frequently 
mischaracterized as young flies that will “grow up" into larger flies (flies do not grow 
after metamorphosis to the adult stage). The biology and management methods for 
these species differ significantly, making proper identification essential prior to 
developing management strategies. 

In Costa Rica, livestock producers refer to stable flies developing in pineapple 
fields as “mosca de la piña” and are insistent that they are a different species from 
the stable fly, *mosca del establo" that they observed prior to the large-scale 
pineapple production in the country. The importance of education and outreach to 
gain public support for an area-wide management programme cannot be over- 
emphasized. Economic assessments of the damage are also essential. Annual 
production losses to the cattle industry from stable flies are estimated to be USD 2.2 
billion in the USA (Taylor et al. 2012a), USD 340 million in Brazil (Grisi et al. 2014), 
and USD 6.8 million in Mexico (Rodríguez-Vivas et al. 2017). 


3.3.2. Regulatory Authority 

Common concerns for area-wide management programmes are “free-riders”, 
individuals who take advantage of the programme, but fail to contribute. This 
problem is exacerbated when the “problem”, in this case stable flies, does not affect 
source producers, for example crop producers. Stable flies have no negative effects 
on crop production. Without regulatory authority, it will be very difficult to convince 
those producers to control the flies developing on their farms. 
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In Australia, Brazil, and Costa Rica, there have been public calls and demands for 
regulatory actions by the governments to address stable flies. The governments of 
those countries have enacted policies requiring agronomic producers to manage 
stable flies developing on their properties. In the USA, no such public demands have 
been made and regulatory policies have not been enacted. Public demand and 
pressure may ultimately lead to the development of regulation of stable fly source 
industries. 


3.3.3. Funding 

Regional differences in the sources and nature of stable fly infestations make detailed 
discussion of funding for area-wide management programmes beyond the scope of 
this discussion. In most cases, some degree of public funding will be needed to support 
the administrative and regulatory framework. Where an industry or agronomic system 
is deemed responsible for economically significant outbreaks, stable fly management 
should be considered a production expense. Sources of funding for management of 
non-commercial sources and research will need to be identified by the regionally 
interested parties. 


3.4. Management Options 


3.4.1. Cultural / Sanitation Methods 

Elimination of larval development substrates has always been the primary 
recommendation for stable fly control (Greene 1993). In the USA, where substrates 
associated with livestock production are considered primary developmental sites, this 
largely involves manure management. Piling manure reduces the surface area 
suitable for stable fly development and allows metabolic heat to raise the substrate 
temperature to a level where stable fly larvae cannot survive. Covering manure and 
silage excludes ovipositing females. Spreading manure thinly on fields permits it to 
dry before stable fly larvae can complete development. Avoiding and removing 
spilled feed reduces the amount of substrate available for larval development. 

Cultural methods can be applied to stable flies developing in agronomic wastes 
as well. Burying post-harvest vegetable residues with several different types of 
agricultural machinery and then compacting the soil with a landroller has proven 
effective for reducing stable fly development in Western Australia (David Cook, 
personal communication). Burial of waste is less effective for pineapple because of 
the quantity, 230 tons per hectare (Solórzano et al. 2015). Removal of pineapple 
waste would rapidly deplete soil fertility and is technically not feasible due to the 
quantity. 

Some cultural methods for reducing stable flies have negative environmental 
ramifications. For example, burning sugarcane prior to harvest reduces the amount 
of substrate available for stable fly larval development, but also has serious 
consequences for air quality. Likewise, disposal of vinasse (a byproduct of ethanol 
distillation) in bodies of water renders it unsuitable for stable fly development, but it 
pollutes aquatic ecosystems (Souza Dominghetti et al. 2015). 
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3.4.2. Biological Methods 

Biological control agents for stable flies can be divided into three categories, 
parasitoids, predators, and pathogens. Under natural conditions, egg to adult 
mortality of stable flies is estimated to exceed 95%, about half of which can be 
attributed to parasitoids and predators (Smith et al. 1985). The remainder is the result 
of pathogens and environmental stressors. 

Pupal parasitoids are the most commonly used biological control agent for filth 
flies (Rueda and Axtell 1985; Machtinger et al. 2015). Two genera of pteromalid 
wasps, Muscidifurax and Spalangia, are frequently observed parasitizing stable flies 
in North America with 2 and 4 relatively common species, respectively. Several 
species, including both genera, can be seen in individual collections. How these 
parasitoids partition their resources is not clear. 

The efficacy of augmentative releases of parasitoids 1s equivocal. Several studies 
indicated released parasitoids decreased fly populations (Weinzier and Jones 1998; 
Skovgard 2004; Geden and Hogsette 2006), while others failed to show a significant 
effect (Meyer et al. 1990; Andress, and Campbell 1994; Skovgárd and Nachman 
2004). In Costa Rica, two species of parasitoids have been collected from stable fly 
pupae in pineapple residues, Muscidifurax raptoroides Kogan & Legner and 
Spalangia gemina Boucek (unpublished observations), and a pilot programme using 
inundative releases of Spalangia endius Walker is showing promising results 
(Solórzano et al. 2017). 

Several predators have been observed feeding on immature stable flies including 
macrochelid mites and staphylinid beetles (Smith et al. 1987; Seymour and Campbell 
1993). Augmenting predator populations has not been evaluated for stable fly control. 

Pathogens of stable fly were reviewed by Greenberg (1977). Entomopathogenic 
fungi have been evaluated for control of immature (Moraes et al. 2008, 2010; Alves 
et al. 2012; Machtinger et al. 2016) and adult (López-Sánchez et al. 2012; Cruz- 
Vázquez et al. 2015; Weeks et al. 2017) stable flies. Various formulations are 
commercially available. Several studies have evaluated entomopathogenic 
nematodes in the genera Heterorhabditis and Steinernema for filth fly control. In 
laboratory assays, results have been very promising (Taylor et al. 1998; Mahmoud et 
al. 2007). However, field trials have been disappointing (unpublished data). Although 
we observed slightly reduced numbers of flies emerging from sites treated with 
nematodes, we were unable to find infected fly larvae or detect infective juvenile 
nematodes more than 24 hours after treatment using sentinel greater wax moth larvae 
Galleria mellonella L. 


3.4.3. Traps and Targets 

The majority of stable fly traps are based upon visual attractants with a sticky surface 
to catch the flies. Williams (1973) recognized that Alsynite® fiberglass panels 
selectively attracted stable flies and Broce (1988) modified the trap making it more 
efficient and resistant to windy conditions. The next generation of traps was derived 
from blue and black fabric traps designed for tsetse fly (Glossina spp.) control 
(Mihok et al. 1995). The blue and black fabric traps are of limited utility in temperate 
parts of North America where sticky traps outperform them and they are susceptible 
to damage from gnawing insects such as grasshoppers (Orthoptera: Acrididae) 
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(Taylor and Berkebile 2006). However, in tropical regions such as La Réunion Island, 
they have proven to be very effective, especially the Vavoua trap (Laveissiére and 
Grébaut 1990; Gilles et al. 2007). 

In Costa Rica, improvised traps constructed from white plastic bags coated with 
an adhesive (Fig. 2) have been employed by the thousands for control of stable flies 
around pineapple plantations (Solórzano et al. 2015). These traps must be replaced 
every 1-2 days because they become saturated with insects and lose their 
effectiveness (Beresford and Sutcliffe 2017). Because of the environmental impact 
of disposing of such large numbers of plastic bags, research is currently underway to 
replace the white traps with insecticide-treated Vavoua traps. 


Figure 2. Sticky traps used for stable fly control in Costa Rica. 


Targets are like traps, but they intoxicate the attracted insects rather than catch 
them. Therefore, they do not need to be emptied or replaced routinely. Meifert et al. 
(1978) developed an early target system for stable flies by applying permethrin to the 
fiberglass panels of the William's trap. They indicated that the system was able to 
reduce the stable fly population by 3096 per day when employed at a density of one 
target for every five animals. Blue and black targets are a modification of the blue 
and black traps (Foil and Younger 2006). When impregnated with 0.1% A-cyhalothrin 
or 0.196 C-cypermethrin targets remain effective for ~4 months (Hogsette et al. 2008). 
In a study in Louisiana, an average of 220 stable flies landed per hour on targets long 
enough to be intoxicated (Hogsette and Foil 2018). 

A disadvantage of the targets relative to traps is that they cannot be used to 
quantify the number of flies in the population nor the number of flies killed. In 
addition, targets provide less psychological satisfaction because dead or trapped flies 
are not apparent. However, both of these concerns can be mitigated by placement of 
sticky traps adjacent to selected targets (Foil and Younger 2006). 
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3.4.4. Chemical Control 

e Immatures. Because substrates for stable fly larval development tend to be 
microbially very active (Romero et al. 2006; Talley et al. 2009; Scully et al. 2017), 
most insecticides applied to substrates tend to degrade quickly and have little 
residual activity. Two classes of insect growth regulators (IGRs), cyromazine and 
benzoylureas have proven to be the most effective for controlling stable fly larvae 
(Taylor et al. 2012b, 2014; Solórzano et al. 2015). A single application of these 
compounds can provide 12 or more weeks of control and they have relatively low 
vertebrate toxicity (Tunaz and Uygun 2004). Cyromazine and benzoylureas 
belong to different insecticide mode of action classes with distinct resistance 
mechanisms (Keiding et al. 1991; IRAC 2017). Therefore, they are suitable for 
rotation to reduce the development of insecticide resistance. In addition, 
cyromazine and benzoylureas are compatible with biological control using 
parasitoids (Ables et al. 1975; Morgan and Patterson 1990). 

e Adults. Chemical options for controlling adult stable flies associated with food 
animals such as cattle are limited. Premise or area sprays should be reserved as a 
last resort for outbreaks where other control measures have failed. Pyrethroids 
remain effective, although resistance has been detected (Cilek and Greene 1994; 
Olafson et al. 2011). Their continued effectiveness is probably a reflection of the 
low efficiency of treatments (Greene 1993). Insecticide-impregnated netting 
provided as resting sites near livestock are showing promise, especially in the 
dairy environment. In a study in Nebraska, ~1000 meters of netting were installed 
on the periphery of two dairy barns. Up to 60 stable flies per linear meter per day 
were collected dead beneath the netting. Based upon observations, we estimate 
that the collections represented less than 10% of the flies that were lethally 
intoxicated (unpublished data). As methods for targeting stable flies with 
insecticides improve, resistance will become a greater problem. 


3.4.5. On-Animal 

On-animal strategies include physical protection or barriers such as boots, masks, 
sheets, etc., and chemical agents such as repellents and insecticides. Physical 
protection is frequently used for high value animals such as horses, but it is not 
practical for livestock such as cattle. 

On-animal chemical technologies such as ear tags and pour-on insecticides are 
commonly used to protect livestock from horn flies. However, because stable flies 
spend little time on the host and bite primarily on the lower legs, these technologies 
are less effective against them (Foil and Hogsette 1994; Broce et al. 2005). The 
primary disadvantage of on-animal chemical treatments is that they have short 
residual activity against stable flies, less than 3-4 days for most and less than 6-8 
hours for many (Foil and Hogsette 1994; Mullens et al. 2009; Benelli and Pavela 
2018). A combination of fipronil and permethrin provided 5 weeks of repellence 
when applied to dogs in the laboratory (Fankhauser et al. 2015); however, this 
formulation has not been tested on livestock in pastures. 
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3.5. Area-Wide Strategy for Stable Flies 


With the current state of technology, management strategies incorporating the release 
of large numbers of biting, sterile or genetically modified, stable flies are unlikely to 
be accepted by livestock producers or the public. Pending the development, and 
public acceptance, of threshold independent genetic drive mechanisms for stable 
flies, management options are limited to the area-wide application and integration of 
traditional methods such as cultural, biological and chemical. 

Cultural management of animal and vegetative wastes should be the first priority. 
In an area-wide programme, especially if agronomic systems are contributing 
significant numbers of flies, such control will need to be mandated along with 
inspection and enforcement systems. Most of the currently recognized larval 
developmental substrates originate from human activities, and therefore are more 
manageable. Those developmental substrates that cannot be rendered unsuitable for 
stable fly development by cultural methods will need to be treated with biological 
and/or chemical control agents. Although biological control programmes on stable 
flies have had inconsistent results, pteromalid parasitoids are the most developed 
option. IGRs are the most effective and environmentally sound chemical alternatives 
available. Insecticide resistance management including rotation of insecticides with 
distinct modes of action must be included for a sustainable management plan. 

A concerted effort must be made to identify and remediate all larval 
developmental sites within the control region. Management of larval developmental 
sites must be the primary emphasis of an area-wide stable fly management 
programme. However, outbreaks of adult flies due to control failure or unanticipated 
developmental sites are still likely to occur. Adult stable flies need to be managed in 
the vicinity of the developmental sites and susceptible hosts including humans and 
livestock. Traps, targets and insecticide impregnated artificial resting sites are the 
best options for managing adult stable flies. On-animal insecticides and repellents 
may be necessary for short-term remediation in cases where other control measures 
failed, but these are best applied on a premise by premise basis and in pest hot spots, 
rather than an area-wide basis. 

Depending upon the situation, one cultural method such as burying vegetable 
residues may be adequate to control a stable fly problem. Alternatively, multiple 
strategies including both larval and adult control may be required if no single 
technology is adequately effective. Reliance upon chemical control alone is short- 
sighted and will lead to insecticide resistance and eventual loss of control. Cultural, 
and often biological, control efforts should accompany chemical control. 


3.6. Research Needs 


Because area-wide management of stable flies is dependent upon reducing and 
eliminating larval developmental sites, it is imperative that we develop a better 
understanding of the biological, environmental and physical characteristics of 
developmental substrates. In addition to the developmental substrates discussed in 
Section 2, developmental sites which do not fit into the current paradigm appear to 
be contributing to the adult stable fly populations (unpublished data). Recognized 
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larval developmental sites tend to have high densities of larvae restricted to small 
areas. Is it possible that we are overlooking a second type of developmental sites, 
those with low densities of larvae, possibly one or two per square meter, but 
distributed over many hectares of land? Possibilities include crop residues in 
agronomic fields and grass and other plant residues (thatch) in grasslands. If such 
“low-density, large-area” developmental sites are widespread, then a very different 
approach to stable fly management will be needed. A better understanding of 
developmental substrates will help with the development of cultural and mechanical 
methods to render substrates unsuitable for stable flies as well. 

A second research priority 1s a better understanding of the population dynamics 
of both larval and adult stable flies. How are females locating oviposition sites and 
how are larvae utilizing the substrates? What environmental factors are driving 
dispersal and population fluctuations? How far are adults dispersing? Incorporation 
of this information into area-wide management projects will improve their efficiency 
greatly. 

Lastly, improved adult suppression systems are needed; more efficient traps and 
targets requiring less maintenance and novel adult suppression methods will add 
greatly to management programmes. It is unlikely we will ever be able to locate and 
remediate all larval developmental sites within the potential dispersal distance of 
stable flies. Therefore, adult suppression will remain an important component of any 
management programme. 


3.7. Education and Outreach 


An area-wide management programme for stable flies must include an educational 
component. Primary to this effort is information on the types of flies associated with 
livestock, their biology and effects on the productivity and comfort of the animals. 
Education will improve public support from both political and applied perspectives. 
Without such education, a successful area-wide programme may be perceived by the 
public as a failure if infestations of other species of muscoid flies continue and cannot 
be differentiated from stable flies. Livestock producers and landowners should also 
be aware of the natural enemies of flies and methods to preserve and augment their 
populations. 

All levels of the distribution chain for chemical control agents from producers 
and suppliers to cattlemen must know their proper use for the species of flies affecting 
livestock production systems. 
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SUMMARY 


In some parts of the world, ticks are the most dangerous animals followed by mosquitoes as ectoparasites 
and vectors of infectious agents, causing morbidity and mortality in domestic animals including wildlife 
and humans. The majority of tick-borne diseases are zoonotic. The global importance of ticks and tick- 
borne diseases in veterinary medicine and public health keeps growing. Some ticks are invasive and 
transmit pathogens causing transboundary diseases of high consequence for populations of domestic 
animals and humans. Integrated management pursues the optimized use of compatible methods to manage 
pests in a way that is safe, economically viable, and environmentally sustainable. The area-wide approach 
augments and expands the benefits of integrated pest management strategies. Issues challenging the 
implementation, adoption, and viability of area-wide tick management programmes include funding and 
socio-political aspects, the availability of support systems related to extension and veterinary services, and 
stakeholder involvement. Management strategies need to adapt and integrate novel technologies to decrease 
significantly the use of pesticide and address the complex problem of ticks and tick-borne diseases 
effectively. Applying the One Health concept, the strategy to optimize health outcomes for humans, 
animals, and the environment, facilitates research on the interplay between climate, habitat, and hosts 
driving tick population dynamics. It enhances our understanding of the epidemiology of tick-borne diseases 
and advances their management. This overview of research for adaptive area-wide integrated management 
concentrates on ticks affecting livestock. Examples focus on Rhipicephalus microplus (Canestrini) as one 
ofthe tick disease vectors most studied worldwide. Highlights of integrated management research for ticks 
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of public health importance transmitting zoonotic diseases are reviewed to document opportunities for 
integrated control that mitigate the health burden of tick-borne diseases on humans, domestic animals, and 
wildlife. Implementation of the research conducted so far is needed to accelerate advancements in area- 
wide management of tick populations that can be applied to improve prevention across tick-borne diseases, 
while decreasing pesticide application and contributing to vector control globally. 


Key Words: Acari, Rhipicephalus annulatus, Rhipicephalus microplus, babesiosis, ectoparasites, disease 
vectors, tick-borne pathogens, acaricides, resistance, cattle fever tick reservoirs, livestock vaccination, area- 
wide tick management, integrated tick-borne disease prevention, One Health, global change, invasive 


1. INTRODUCTION 


In some parts of the world, ticks (Acari) are the most dangerous animals followed by 
mosquitoes as ectoparasites and vectors of infectious agents causing morbidity and 
mortality in domestic animals, wildlife and humans (Ahmed et al. 2007; Socolovschi 
et al. 2008; Heyman et al. 2010; Barker et al. 2014; Paddock et al. 2016). 
Approximately 80% of the cattle in tropical and subtropical regions of the world are 
affected by economically important ticks and tick-borne pathogens (McCosker 1979; 
de Castro 1997). In addition, estimates indicate that Lyme disease and other diseases 
caused by tick-borne pathogens could burden over 3096 of the global human 
population by 2050 (Davidsson 2018; Sakamoto 2018). Most tick-borne diseases 
affecting people are zoonotic because they can be transmitted from wild and domestic 
animals to humans through the bite of an infected tick (Lorusso et al. 2016; Ojeda- 
Chi et al. 2019). 

Life history traits afford ticks considerable importance as pests and vectors of 
pathogens. Ticks are ancient arthropods that parasitize vertebrate hosts by feeding on 
blood to be able to complete their life cycle (Mans et al. 2011; Pefialver et al. 2018). 
Tick-borne pathogens include protozoa, bacteria, and viruses that co-infect their 
vectors and hosts (Brites-Neto et al. 2015; Talactac et al. 2018; Wikel 2018). Being 
local specialists and global generalists in their host associations underlie the global 
distribution of ticks and their ability to adapt to diverse environmental niches (McCoy 
et al. 2013; de la Fuente et al. 2015b; Beati and Klompen 2019). 

There are ca. 920 described tick species in the world, but the diversity of ticks 
remains to be fully established (Dantas-Torres 2018; Mans et al. 2019). The so-called 
hard ticks belong to the Ixodidae family that have a sclerotized scutal plate in their 
dorsum (Sonenshine and Roe 2014). By comparison, soft ticks in the family Argasidae 
lack the scutum and have a flexible leathery cuticle (Uspensky 2008). Depending on 
the tick species, the parasitic larva, nymph, and adult stages are completed in one, 
two, or three hosts (Estrada-Pefia 2015). After blood-engorged, females that mated on 
the host, then drop off and lay their eggs in the environment (Needham and Teel 
1991). 

Some ticks are invasive and transmit pathogens causing transboundary diseases of 
high consequence for populations of domestic animals and humans (Minjauw and 
McLeod 2003; Burridge 2011; Fernández and White 2016; Higgs 2018; Robles et al. 
2018; Spengler et al. 2018). 
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Non-anthropogenic and anthropogenic factors associated with global change, 
including environmental disturbance and climate variability (Benavides Ortiz et al. 
2016; Ogden and Lindsay 2016; Singer and Bulled 2016), increased international 
trade and travel (Abdullah et al. 2018; Hansford et al. 2018), and the wildlife- 
livestock-human interface (Gortazar et al. 2015), have increased tick densities 
resulting in a greater prevalence of tick-borne disease cases (Gasmi et al. 2018; Rasi 
et al. 2018; Sonenshine 2018). Furthermore, several of the newly discovered tick- 
borne microbes are pathogenic to humans and domestic animals (Mansfield et al. 
2017; Harvey et al. 2019). 

Discoveries by Smith and Kilborne (1893), documenting that Rhipicephalus 
annulatus Say was a vector of Babesia bigemina (Smith et Kilborne 1893), were 
important in the history of science by showing for the first time that arthropods can 
transmit pathogens to their hosts (Smith and Kilborne 1893; McCosker 1993; Egerton 
2013). 

Smith and Kilborne (1893) suggested the destruction of all R. annulatus infesting 
cattle to treat the disease after noting that outbreaks of bovine babesiosis, caused by 
B. bigemina, also known as redwater or cattle tick fever, and considered to be the most 
economically important arthropod-borne disease of cattle worldwide (Bock et al. 
2008), could not happen without tick parasitism. In retrospect, this research 
association is an example of the One Health concept described below because T. 
Smith was a physician and F. L. Kilborne a veterinarian (Schultz 2008). 

By 1893, cattle in the USA, Australia, and parts of Africa were already immersed 
in dipping vats containing various chemical pesticides active against ticks commonly 
referred to through time as tickicides, ixodicides, or acaricides, to manage infestations 
associated with what we now know are tick-borne diseases (Angus 1996; George 
2000; Alonso-Díaz et al. 2006). The term acaricide used here refers to pesticides used 
to kill ticks of veterinary and public health importance following the conventions of 
most literature published on the topic. Vaccination against the pathogen is another 
approach to prevent and control tick-borne diseases. Attempts by Connaway and 
Francis (1899) to protect cattle from bovine babesiosis were among the first ones to 
vaccinate against a tick-borne disease. Several vaccines are commercially available 
in Europe to prevent tick-borne encephalitis (Riccardi et al. 2019). Nevertheless, the 
need remains for improved and cost-effective vaccines to prevent tick-borne diseases 
affecting humans (Smit and Postma 2016; Reece et al. 2018), as well as domestic 
animals (Perry 2016; Pruneau et al. 2018; Suarez et al. 2019). 

Effective and safe tick and tick-borne disease management requires integration of 
rational tactics involving multiple biological, chemical, physical and vaccine 
technologies on and off hosts. They can include the judicious application of safer 
acaricides to address the concerns with chemical treatments (de Meneghi et al. 2016; 
Pfister and Armstrong 2016; Ginsberg et al. 2017). 

Here we review highlights of integrated management research for ticks of public 
health importance transmitting zoonotic diseases to document opportunities for 
combined interventions that mitigate the health burden of tick-borne diseases, 
benefitting humans, domestic animals, and wildlife (Drexler et al. 2014; Khamesipour 
et al. 2018; Wang et al. 2018). 
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2. AREA-WIDE TICK MANAGEMENT AND RESEARCH 
2.1. Research Needs for Integrated Area-wide Tick Management 


This overview concentrates on research to enable the area-wide integrated 
management of livestock ticks. Examples focus on Rhipicephalus microplus 
(Canestrini), a one-host tick commonly known as the Asian blue tick or southern cattle 
fever tick, originally described as Haemaphysalis micropla by Canestrini (1887). It is 
one of the ticks most studied worldwide as it is a vector of B. bigemina and B. bovis 
Babes causing bovine babesiosis (Pérez de León et al. 2014b; Gray et al. 2019), and 
Anaplasma marginale Theiler causing anaplasmosis (Atif 2015). R. microplus is an 
invasive species considered the most economically important ectoparasite of livestock 
globally (Rodríguez-Vivas et al. 2017a; Betancur-Hurtado and Giraldo-Ríos 2018; 
Sungirai et al. 2018). 

The synonym concepts of area-wide integrated pest management, system-, or area- 
wide pest management, convey the need for research that can be applied to address 
the complex problem with ticks and tick-borne diseases (Brévault and Bouyer 2014; 
Pérez de León et al. 2014a; Bourtzis et al. 2016). Efficiency and cost-effectiveness 
are fundamental to area-wide approaches dealing with societal problems for centuries, 
including those related to tick disease vectors (Hendrichs et al. 2007; Koul et al. 2008; 
Shepard et al. 2014). 

The goal of integrated pest management is to optimize the use of compatible 
methods in a way that is safe, economically viable, and ecologically sustainable (Jors 
et al. 2017; Mullens et al. 2018). The area-wide approach augments and expands to 
the population level the benefits of integrated pest management strategies. Tick 
suppression and eradication can be considered as a continuum in the spectrum of area- 
wide strategies to manage tick-borne diseases. Approaches for sustainable area-wide 
control of tick populations recognize the need for translational research to develop 
new and improved technologies before eradication can be contemplated (Bram and 
Gray 1979; Pegram et al. 2007; Pluess et al. 2012; Suckling et al. 2014). A common 
theme for these strategies is the continued need to re-evaluate our understanding of 
tick biology and ecology (Tatchell 1992; Schmidtmann 1994; Esteve-Gassent et al. 
2016; Canevari et al. 2017). 


2.2. Unifying Area-wide Tick-borne Disease Mitigation and One Health through 
Integrated Tick Management Research 


Applying the One Health concept, 1.e. a strategy to optimize health outcomes for 
humans, animals, and the environment, facilitates research on the interplay between 
climate, habitat, and hosts driving tick population dynamics. It enhances our 
understanding of the epidemiology of tick-borne diseases and advances their 
management (Dantas-Torres et al. 2012; Vayssier-Taussat et al. 2015; Laing et al. 
2018; World Bank 2018) (Fig. 1). 
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Figure 1. Suggested research and implementation framework toward sustainable area-wide 
integrated tick management to prevent tick-borne diseases in the context of global change 
and the One Health approach (*adapted from Pérez de León et al. 2012). 


Previous efforts indicate socio-economic and cultural aspects must be considered 
in the planning and evaluation of area-wide tick management programmes (Pegram 
et al. 2000; Hendrichs et al. 2007; Rushton 2009; Mutavi et al. 2018). This can be 
done using algorithms to select area-wide tick management interventions where the 
evidence thus generated is used to enhance model predictions that improve area-wide 
tick management practices (Sutherst et al. 2007; Wang et al. 2017). 

Ideal characteristics of technologies for broad acceptability and integrated use 
against ticks include low cost, minimal effort required for their application, spectrum 
of efficacy covering as many tick species as possible, and residual activity (Graf et al. 
2004; Playford et al. 2005; Eisen and Eisen 2018). Control technologies can target 
ticks on or off the host. 
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In addition to acaricides, parasitoids and predators, alteration of the environment, 
and physical methods were identified for off-host tick control (FAO 1961). The Sterile 
Insect Technique, botanical repellents and acaricides, host resistance, pheromone- 
based approaches, and anti-tick vaccines are potential approaches to be integrated for 
the control of ticks infesting hosts (IAEA 1968; Ghosh and Nagar 2014; de Oliveira 
Filho et al. 2017). However, reducing to practice the integration of acaricides with 
other technologies in area-wide tick management remains to be fully accomplished 
(Jonsson 2004; de la Fuente et al. 20152). 

Adequate protocols and implementation research to evaluate technologies under 
field conditions are needed to generate the scientific evidence required to justify the 
investment of resources for area-wide tick management programmes (Piesman and 
Eisen 2008; Bautista-Garfias and Martinez-Ibafiez 2012). 

The adoption and viability of these programmes require attention to resource 
allocation and socio-political aspects, the availability of support systems related to 
extension and veterinary services, and the engagement of stakeholders (Walker 2011; 
Estrada-Pefia and Salman 2013; Bugeza et al. 2017; Kerario et al. 2018; Mihajlovié 
et al. 2019). 


2.3. Alternatives to Acaricide Use and Strategies to Solve Resistance to Chemical 
Treatments 


Chemical treatment practices in livestock production systems are under scrutiny 
because of the impact acaricides and endectocides like ivermectin have on public 
health, the environment, and the international trade of livestock and animal products 
(González and Hernández 2012; Arisseto-Bragotto et al. 2017; Miraballes and Riet- 
Correa 2018). 

Intense chemical treatment of infested hosts exerts strong selection pressure for 
acaricide resistance among tick populations (Guerrero et al. 2014b; de Miranda Santos 
et al. 2018; Rodríguez-Vivas et al. 2018). Resistance to multiple classes of acaricides 
keeps spreading among tick populations due to intensive application (Miller et al. 
2013; Cuore et al. 2015; Klafke et al. 2017b; Vudriko et al. 2018). 

Acaricide resistance resulting from chemical treatment intended to control other 
parasites can exacerbate the problem with ticks and tick-borne diseases (Foil et al. 
2004). Ivermectin used to treat gastrointestinal parasitic infections in cattle 
simultaneously infested with R. microplus selected for resistance due to exposure of 
the ticks to sublethal doses of that endectocidal drug (Alegría-López et al. 2015). 
R. microplus ranks sixth among the arthropods most resistant to pesticides in the 
world (Whalon et al. 2008). 

Resistance to organophosphates, pyrethroids, amitraz, and ivermectin was 
reported in the brown dog tick, Rhipicephalus sanguineus sensu lato (Latreille) 
(Klafke et al. 2017a, Rodríguez-Vivas et al. 2017b). 
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Amblyomma cajennense s.]. (Fabricius) is another three-host tick that was found 
to be resistant to organophosphates and amitraz in Mexico (Alonso-Díaz et al. 2013). 
Different acaricide resistance profiles have been reported for two- and three-host tick 
species parasitizing cattle in South Africa (Ntondini et al. 2008). Widespread 
resistance to commonly used acaricides has not been reported for other important 
vectors of zoonotic tick-borne diseases parasitizing humans in the USA and Europe 
(Coles and Dryden 2014; EMA 2018). 

Strategies to diminish acaricide use in domestic animals need to consider the 
concept of integrated parasite/vector management to maximize the contributions of 
veterinary public health towards sustainable development (Henrioud 2011; Scasta 
2015; Narladkar 2018). 

The commercial availability of a technology based on the recombinant protein 
Bm86 in the 1990s to vaccinate cattle against R. microplus represented a significant 
research achievement towards sustainable area-wide tick management (de la Fuente 
et al. 2007; Willadsen 2008). Integrating the use of a Bm86-based anti-R. microplus 
vaccine in an area-wide management programme confirmed that this approach 
decreases the frequency of acaricide treatments and diminishes the amount of 
chemicals used to control infestations, while reducing tick-borne cases in a cost- 
effective manner (de la Fuente et al. 1998; Redondo et al. 1999; Valle et al. 2004; 
Suarez et al. 2016). This is a rational and environment-friendly approach to manage 
R. microplus populations that are resistant to multiple classes of acaricides. Various 
research efforts to develop vaccines against other hard and soft ticks and the 
application of an anti-tick vaccine to protect humans, domestic animals, and wildlife 
from tick-borne diseases are ongoing (Évora et al. 2017; Almazán et al. 2018; de la 
Fuente et al. 2018). 

Collaborative partnerships established to improve efficiencies in the research and 
development process of those anti-tick vaccines are examples of how global efforts 
could fully realize the benefits of international cooperation to enable breakthroughs 
allowing the adaptation of area-wide tick management practices to protect livestock 
and humans from tick-borne diseases (Sprong et al. 2014; Schetters et al. 2016; 
Rodríguez-Mallon et al. 2018; Ybañez et al. 2018). These joint international efforts 
have also resulted in the sequencing the genome of R. microplus to mine the 
information therein for the innovation of management technologies (Barrero et al. 
2017). 

Integrative taxonomy studies reinstated Rhipicephalus australis as a species and 
revealed that R. microplus consists of 3 clades (Estrada-Pefia et al. 2012; Roy et al. 
2018). Furthermore, some of the new microbes found to be associated with R. 
microplus are known livestock pathogens, while the pathogenicity of others remains 
unknown (Andreotti et al. 2011; Biguezoton et al. 2016; de Souza et al. 2018; de 
Oliveira Pascoal et al. 2019). 
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3. RESEARCH FOR ADAPTIVE AREA-WIDE TICK MANAGEMENT 


3.1 Eradication Efforts Exemplify Challenges with Tick Management in the Context 
of Global Change 


In 1906 the USA established the Cattle Fever Tick Eradication Program (CFTEP) to 
eliminate bovine babesiosis by exterminating the tick vectors of the disease based on 
the scientific evidence generated by the research of Curtice (1891) and Smith and 
Kilborne (1893) (Curtice 1910). In the context of complex socio-economic dynamics 
(Strom 2010), the CFTEP efforts has involved cooperation between federal, state 
governments, and the livestock industry. In 1943, with the exception of a Permanent 
Quarantine Zone along the Rio Grande in south Texas at the border with Mexico, the 
USA was declared free of the tick vectors (Graham and Hourrigan 1977). 

The cattle fever ticks R. annulatus and R. microplus remain widespread in Mexico 
(Bautista-Garfias and Martínez-Ibafiez 2012), and incursions from Mexico into the 
free zone, which comprises the rest of the continental USA, are buffered by the 
Permanent Quarantine Zone (George 1989; Klassen 1989). After 112 years of 
operations, events related to global change, such as land use changes, livestock- 
wildlife interface intricacies, and climate variability, complicate efforts by the CFTEP 
to keep the USA cattle fever tick-free (George 2008; Esteve-Gassent et al. 2014; 
Rutherford 2019). 

A surge of cattle fever tick outbreaks in the free zone during the first decade of 
this century prompted a re-evaluation of the research agenda in support of the CFTEP 
(Pérez de León et al. 2010; Lohmeyer et al. 2011). Action was taken based on research 
needs in consultation with stakeholders to address the main concerns with acaricide 
resistance (Pérez de León et al. 2013), the role of native and exotic ungulates as cattle 
fever tick reservoirs (Pound et al. 2010), climate variability as a driver for the 
reintroduction of cattle fever ticks into the free zone (Giles et al. 2014), and a re- 
evaluation of financial losses associated with these concerns and events (Anderson et 
al. 2010). 

Research in support of integrated cattle fever tick eradication provides a pathway 
to generate scientific evidence that could be used to adapt CFTEP operations that 
minimize the impact of global change (Pérez de León et al. 2012). Aspects related to 
the mechanism of action of organophosphate acaricides allowed charging the dipping 
vats at 0.3% coumaphos to mitigate concerns by the CFTEP with organophosphate- 
resistant cattle fever tick outbreak populations (Miller et al. 2005). The detection of 
pyrethroid resistance in cattle fever ticks infesting cattle and white-tailed deer, 
Odocoileus virginianus (Zimmermann), a wild ungulate species native to the 
Americas and a host of cattle fever ticks that is abundant in south Texas, limits 
treatments with permethrin by the CFTEP (Busch et al. 2014). Use of an injectable 
formulation of 1% doramectin was adapted by the CFTEP as an alternative eradication 
procedure (Davey et al. 2012). Macrocyclic lactone resistance among cattle fever tick 
outbreak populations has so far not been reported. 
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Further studies are required to determine if research can be translated into 
protocols involving the use by the CFTEP of safer acaricides to treat cattle and wild 
ungulates (Costa-Jünior et al. 2016; Gross et al. 2017). 

A device using corn as bait to attract white-tailed deer for self-treatment was 
developed for use by the CFTEP because white-tailed deer cannot be gathered for 
treatment as it is done with cattle (Pound et al. 2012). The white-tailed deer consuming 
corn rub against acaricide-impregnated rollers placed on the device during the hunting 
season and are thus treated topically, whereas corn medicated with ivermectin acting 
systemically to control cattle fever ticks is used to bait white-tailed deer during the 
off-hunting season (Lohmeyer et al. 2013). However, complex white-tailed deer 
behaviours and social interactions to access the bait stations and other logistical 
aspects limit the use of this technology in the Permanent Quarantine Zone (Currie 
2013). 

Impediments for cattle fever tick eradication associated with the presence of nilgai 
(Boselaphus tragocamelus (Pallas) in parts of south Texas, where they can coexist 
with cattle and white-tailed deer, further exemplify the challenges presented by the 
livestock-wildlife interface for area-wide tick management (Wang et al. 2016; Singh 
et al. 2017; Lohmeyer et al. 2018). Nilgai are introduced bovid hosts of cattle fever 
ticks and suspected reservoirs of B. bovis and B. bigemina with home ranges larger 
than white-tailed deer (Foley et al. 2017; Olafson et al. 2018). Research is underway 
to determine if nilgai can be attracted to sites where they would be treated against 
cattle fever tick infestation (Goolsby et al. 2017). 

The high efficacy of the Bm86 antigen against R. annulatus prompted efforts to 
research the use of an anti-tick vaccine as part of integrated cattle fever tick 
eradication procedures (Miller et al. 2012). Research involved reverse vaccinology to 
pursue the discovery of antigens that could be formulated for use by the CFTEP with 
efficacy against R. microplus equivalent to that of Bm86-based vaccines against R. 
annulatus (Guerrero et al. 20142). In the interim, a public-private partnership enabled 
the use of a Bm86-based vaccine by the CFTEP (Pérez de León et al. 2018). This was 
a significant event in the history of cattle fever tick eradication in the USA because 
federal and state statutes, more than a century old governing the CFTEP, were adapted 
to use the anti-tick vaccine technology. This Bm86-based vaccine was used in a 
research project for integrated R. microplus management in Puerto Rico (Wang et al. 
2019). 

Integrating vaccination of white-tailed deer against cattle fever ticks would 
complement the effects of the self-treatment bait stations described above (Carreón et 
al. 2012; Estrada-Pefia et al. 2014). However, delivery systems remain to be refined 
to vaccinate free-ranging white-tailed deer against cattle fever ticks in the Permanent 
Quarantine Zone. 
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3.2. Research Perspectives to Mitigate Tick-borne Disease Burden Focused on 
Integrated Tick Management 


Applying the concept of precision agriculture and making use of newly available 
technologies, provides the opportunity to establish exact and targeted interventions to 
realize substantial savings in inputs for area-wide tick management (Urdaz-Rodríguez 
et al. 2015; Pérez de León 2017). 

Experiments with unmanned aerial vehicles or drones showed this technology can 
support surveillance by the CFTEP (Goolsby et al. 2016), but it could also be 
integrated with remote sensing using ground-truth data for strategic cattle fever tick 
suppression (Phillips et al. 2014; Leal et al. 2018). Robotic technology is being 
adapted for tick control as well, showing potential in reducing tick densities (Gaff et 
al. 2015). 

Precision tick management could facilitate the adoption of safer control 
technologies for effective area-wide campaigns. These include commercially 
available alternatives to the conventional use of acaricides such as acaropathogenic 
fungi or nematodes, and botanical acaricides, although they require further testing for 
adoption by the CFTEP (Thomas et al. 2017; Goolsby et al. 2018; Singh et al. 2018). 
Additionally, big data strategies facilitate the translation of genomic information into 
knowledge that can be applied to develop technologies which specifically target cattle 
fever ticks (Munoz et al. 2017; Brock et al. 2019). 

Tick-borne diseases threaten public health in the USA. Around twenty human 
diseases or clinical conditions are associated with tick bites (USHHS 2018). Current 
trends indicate that >75% of the vector-borne disease cases reported are tick-borne 
(Rosenberg et al. 2018). Among the ticks commonly found biting humans (Eisen et 
al. 2017), the black-legged tick /xodes scapularis Say is known to transmit seven 
pathogens of human diseases (Eisen and Eisen 2018). Controlling tick populations, 
together with personal protection measures, reduce exposure of the public to infected 
ticks, which prevents tick-borne diseases (Stafford III et al. 2017; White and Gaff 
2018). 

A higher level of public acceptability is associated with area-wide interventions 
employing technologies that are safe for people, pets, and the environment 
(Aenishaenslin et al. 2016; Keesing and Ostfeld 2018). These include the integrated 
use of host-targeted devices delivering minimal acaricide quantities with broadcast 
application of acaropathogenic fungus, as well as white-tailed deer reduction to 
decrease the risk of human exposure to /. scapularis infected with Borrelia 
burgdorferi Johnson et al. (Telford 2017; Williams et al. 2018). Additionally, internet- 
based surveillance tools and citizen science participation may enhance area-wide 
integrated tick management practices (Pollett et al. 2017; Nieto et al. 2018; Jongejan 
et al. 2019). 
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The detection in 2017 of Haemaphysalis longicornis Neumann, commonly known 
as the Asian longhorned tick, and subsequent reports of infestations in humans, 
domestic animals, and wildlife in the USA is a reminder of the threat posed by 
invasive ticks to the health of humans and other animals (Rainey et al. 2018). H. 
longicornis is a known vector of pathogens affecting humans, domestic animals, and 
wildlife in its native range and previously invaded areas, but it remains to be 
determined if it is transmitting pathogens in the USA (Beard et al. 2018). 

Habitat suitability analyses indicate that H. longicornis could become established 
also in other parts of North America (Magori 2018; Hutcheson et al. 2019; Rochlin 
2019). Challenges managing the spread of this Asian longhorned tick in the USA 
present an opportunity to apply the One Health concept where governmental agencies, 
academic institutions, public organizations, and private industry representing the 
agricultural, public health, medical, and veterinary sectors operate under a national 
strategy to prevent cases of H. longicornis-borne diseases in humans and other animal 
species. 

Implementation research is needed to accelerate advancements in area-wide tick 
management. Achieving this goal will facilitate the adaptation and adoption of those 
advancements to improve prevention across tick-borne diseases while contributing to 
vector control globally (WHO 2017; Theobald et al. 2018; Fouet and Kamdem 2019; 
Petersen et al. 2019). 


4. CONCLUSIONS 


Ticks and tick-borne diseases continue to present new and emerging threats to 
humans, domestic animals, and wildlife. Constraints faced by the CFTEP to continue 
maintaining the USA cattle fever tick-free, a successful area-wide programme that 
has been operating in the USA since its establishment in 1906, illustrate how global 
change impacts area-wide tick management efforts. 

Current issues are complex and need to be addressed by veterinary and public 
health programmes dealing with ticks and tick-borne diseases. This grand challenge 
requires a reassessment of strategies to manage tick populations. The One Health 
approach provides a framework to mitigate the health burden of tick-borne diseases 
on humans, domestic animals, and wildlife. 

Advances in transdisciplinary scientific research present opportunities to adapt the 
strategy for area-wide tick management. The integration of novel technologies can 
decrease the use of acaricides significantly. Pilot field studies help determine the 
utility of integrated tick management strategies under real-life conditions. Outcomes 
from those pilot field studies inform decisions on the extent of interventions to prevent 
tick-borne diseases through improved tick population management. Progressive tick 
control affords flexibility to fine-tune the integration of technologies through the 
exchange of scientific information between stakeholders engaged in the adaptation 
process and provides feedback to revise the research agenda. 
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Implementation research can accelerate the translation of earlier research efforts 
to area-wide tick management practice. It is important for scientists to also understand 
the socio-economic context of research. Grasping the expectations of end-users of 
technology is paramount to realize the common vision of improving the outcomes of 
tick control interventions. This process will enhance the quality of evidence delivered 
by scientific research. Such scientific evidence can be used to generate the support for 
resources to establish the capacities required for the effective management of ticks to 
mitigate the burden of tick-borne diseases. 
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SUMMARY 


In 2005, the Government of Senegal initiated a project entitled “Projet de lutte contre les glossines dans les 
Niayes” (Tsetse control project in the Niayes) with the aim of creating a zone free of Glossina palpalis 
gambiensis in that area. The project received technical and financial support from the International Atomic 
Energy Agency (IAEA), the Food and Agriculture Organization of the United Nations (FAO), the Centre 
de Coopération Internationale en Recherche Agronomique pour le Développement (CIRAD) and the US 
Department of State through the Peaceful Uses Initiative (PUI). It was implemented in the context of the 
Pan African Tsetse and Trypanosomosis Eradication Campaign (PATTEC) following a phased conditional 
approach (PCA) that entails implementation in distinct phases, in which support to the next phase is 
conditional upon completion of all (or at least the majority of) activities in the previous phase. In the case 
of the tsetse project in Senegal, the PCA consisted of 4 phases: (1) commitment of all stakeholders and 
training, (2) baseline data collection, feasibility studies and strategy development, (3) preparatory pre- 
operational activities and (4) operational activities. This paper provides an overview of the main activities 
that were carried out within each phase, with emphasis on the operational research carried out in phases 2 
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and 3, that was instrumental in guiding the project's decision-making. Activities of phase 2 focused on the 
collection of entomological, veterinary, socio-economic and environmental baseline data, and a population 
genetics study that proved the isolated character of the G. p. gambiensis population of the Niayes. These 
data enabled the tsetse-infested area to be delimited to 1000 km’, the impact of animal trypanosomosis on 
the farmers’ welfare to be quantified (annual benefits of 2 million Euro in the tsetse-infested zone), and the 
formulation of an area-wide integrated pest management (AW-IPM) strategy that included a sterile insect 
(SIT) component to eradicate the isolated tsetse populations from the Niayes. In view of the extreme 
fragmentation of the remaining favourable habitat of the Niayes and the high human population density 
(peri-urban area), which excluded the possibility of using the Sequential Aerosol Technique, the IPM 
strategy that was selected comprised the suppression of the tsetse population with insecticide-impregnated 
traps/targets and the use of “pour-on” for cattle, followed by the release of sterile males to eliminate the 
remaining relic pockets. During phase 3, the pre-operational phase, a series of activities were carried out 
that were needed to implement the operational phase. These included the establishment of a colony of tsetse 
originating from the target area in Senegal, competitiveness studies between the sterile flies and those from 
the target area, development of transport methods for long-distance shipments of sterile male pupae, 
competitiveness of the sterile male flies after release in the target area, development of aerial release 
methods (including a new chilled adult release system) and development of a Maxent-based distribution 
model to guide the suppression, sterile male releases and monitoring of the eradication campaign. To be 
able to properly manage the eradication campaign in different phases, the entire target area was divided 
into 3 operational blocks. This paper demonstrates how, during the operational phase, scientific principles 
continued to guide the implementation process. The results to date are encouraging, i.e. the deployment of 
269 insecticide-impregnated Vavoua traps in favourable habitat of Block 1 reduced the apparent density of 
the G. p. gambiensis population significantly (from 0.42 (SD 0.39) to 0.04 (SD 0.11) flies/trap/day). This 
was followed by the aerial release of sterile males that reduced the apparent density to zero after six months 
of releases. The last wild fly was trapped on August 9, 2012 in Block 1. In Block 2, during the suppression, 
the apparent fly density dropped from 1.24 (SD 1.23) to 0.005 (SD 0.017) flies/trap/day. Sterile male 
releases were initiated in February 2014 and expanded to cover the entire Block 2 in January 2015. The 
apparent fly density has so far been reduced to « 0.001 fly per trap per day until the end of 2018 and releases 
are still ongoing. The results of the campaign are discussed with respect to the “adaptive management 
approach" used, which was deemed critical for the success of the campaign. 


Key Words: African animal trypanosomosis, Trypanosoma vivax, Trypanosoma congolense, Trypanosoma 
brucei, nagana, livestock, Sterile Insect Technique, SIT, vector control, elimination, tsetse flies, integrated 
vector management, adaptive management 


1. THE TSETSE AND TRYPANOSOMOSIS PROBLEM IN THE NIAYES 
AND THE POLITICAL WILL TO FIND A SUSTAINABLE SOLUTION 


In the sub-humid savannah of West Africa, riverine tsetse species such as Glossina 
palpalis gambiensis (Vanderplank 1949) inhabit riparian forests where they are major 
vectors of African animal trypanosomosis (AAT) or nagana (Bouyer et al. 2006; 
Guerrini et al. 2008) and human African trypanosomosis (HAT) or sleeping sickness 
(Camara et al. 2006). In Senegal, as in other parts of West Africa, AAT is a major 
obstacle to the development of more efficient and sustainable livestock production 
(Itard et al. 2003) and the presence of tsetse flies is considered a major cause of hunger 
and poverty (Feldmann et al. 2021).Glossina p. gambiensis normally thrives in areas 
that receive a minimum of 600 mm annual rainfall (Brunhes et al. 1998), but in 
western Senegal, annual precipitation is limited to 400-500 mm. Here, G. p. 
gambiensis populations are mainly confined to a specific ecosystem called the 
“Niayes” (Morel and Touré 1967; Touré 1971, 1973, 1974) that are situated around 
Dakar. These habitats are characterized by remnants of Guinean forests that are 
located in low-lying inter-dune depressions that are periodically or permanently 
flooded. However, in the last decades, these habitats have been drastically changed 
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due to human intrusion. The second similar but drier ecosystem, “La Petite Côte”, is 
situated south of Dakar and extends along the Atlantic coast towards Joal and the Sine 
Saloum River (Fig. 1). 

In the Niayes, temperature is lower and rainfall higher as compared with the 
interior of the country, and these conditions facilitate intensive cropping and cattle 
production even during the dry season. Horses are present in high numbers and are 
mainly used for the transport of food crops. The bites from tsetse flies pose a 
continuous nuisance for human populations, especially in Sebikotane and Pout. In 
addition, the flies seem to have adapted to peri-urban, densely populated areas such 
as the “Parc de Hann", located in the city centre of Dakar. 

The G. p. gambiensis populations that inhabited the Niayes and La Petite Cóte 
belonged to one of the most north-western distributions of the tsetse belt in West 
Africa (Fig. 1). In 2007, a parasitological and serological survey of resident cattle 
revealed the seriousness of the tsetse and trypanosomosis problems in the area with 
AAT herd prevalence rates of 10-90% (Baba Sall, unpublished data). This survey 
showed that Trypanosoma vivax Ziemann was the most prevalent species, followed 
by T. congolense Broden. However, the parasitological prevalence may be grossly 
underestimated, due to the poor sensitivity of the buffy coat technique that was used 
(Pinchbeck et al. 2008). 

In the 1970s, the first attempt was made to eliminate G. p. gambiensis populations 
from more than 150 km of linear habitat in the Niayes, using selective bush clearing 
and residual ground spraying with dieldrin. Although no tsetse flies were detected 
after the campaign (Touré 1973), they reappeared in the 1980s, necessitating a second 
campaign combining insecticide spraying with the deployment of traps and 
insecticide-impregnated screens. The tsetse problem seemed to have disappeared until 
in 1998 flies were again detected (Baba Sall, unpublished data). 

Staff of the Direction de l'Elevage (DIREL) (now called Direction des Services 
Vétérinaires (DSV)) and the Institut Sénégalais de Recherches Agricoles (ISRA), in 
collaboration with the Joint FAO/IAEA Division of Nuclear Techniques in Food and 
Agriculture (the Food and Agriculture Organization of the United Nations (FAO), the 
International Atomic Energy Agency (IAEA)) and the IAEA’s Department of 
Technical Cooperation, carried out more extensive surveys in 2002-2003. These 
surveys confirmed the presence of G. p. gambiensis and in view of the isolated nature 
of the Niayes population (Solano et al. 2010) it is highly likely that the resurgence of 
the tsetse fly population can be attributed to a population build-up from small residual 
pockets inside the Niayes, rather than to reinvasion from the main tsetse belt of the 
Sine Saloum region that is located more than 100 km southeast of Dakar (S. Leak, 
unpublished reports to the IAEA; Baba Sall, unpublished data). 

Following confirmation of G. p. gambiensis presence in the Niayes, the DSV and 
FAO/IAEA initiated a tsetse control campaign that officially started in 2005. Entitled 
“Projet de lutte contre les glossines dans les Niayes" (Tsetse control project in the 
Niayes), it was mainly funded and implemented by the DSV of the Ministry of 
Livestock and Animal Production and ISRA of the Ministry of Agriculture and Rural 
Equipment. 
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Figure 1. Map top left: Distribution of Glossina palpalis gambiensis in West Africa and 
location of the Niayes area around Dakar in Senegal. The red area represents suitable 
habitats predicted from a Maxent model. Map right: The project area indicating the 
suitability of the vegetation for harbouring G. p. gambiensis after a phytosociological study, 
and the "wet areas" as obtained from a supervised classification (modified after Bouyer et al. 
2010, 2015b). 
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The project received technical and financial support from the IAEA, the FAO, the 
Centre de Coopération Internationale en Recherche Agronomique pour le 
Développement (CIRAD), and the US Department of State through the Peaceful Uses 
Initiative (PUI). The Centre International de Recherche-Développement sur l'Elevage 
en zone Sub-humide (CIRDES), Burkina Faso, the Slovak Academy of Sciences 
(SAS), Slovakia, and l'Institut de Recherche pour le Développement (IRD), France, 
were other full- or part-time partners in the project. The project was implemented in 
the context of the Pan African Tsetse and Trypanosomosis Eradication Campaign 
(PATTEC), a political initiative of the African Heads of State that called for increased 
efforts to better manage the tsetse and trypanosomosis problem on the African 
continent (PATTEC 2019). 


2. PHASED CONDITIONAL APPROACH 


From the onset, it was decided that the project would be implemented following a 
phased conditional approach (PCA), whereby project implementation follows 
distinct phases and in which support to the next phase is conditional upon completion 
of all (or at least the majority of) activities in the previous phase (Feldmann et al. 
2018). Whereas the diverse phases of the PCA might differ with the target pest 
species, or if a suppression rather than an eradication strategy is selected (Hendrichs 
et al. 2021), the PCA consisted of 4 phases for the tsetse project in Senegal, i.e. (1) 
commitment of all stakeholders and training, (2) baseline data collection and 
feasibility studies, (3) pre-operational activities and (4) operational activities. 


2.1. Phase I: Stakeholder Commitment and Training 


After the FAO/IAEA-supported surveys of 2002-2003, discussions within and 
between the Government of Senegal and the FAO/IAEA culminated in the submission 
of an official request by the Government of Senegal to the IAEA for technical and 
financial support. A technical cooperation project entitled “Feasibility Study to Create 
a Tsetse-free Zone Using the Sterile Insect Technique" was approved in 2005, which 
provided substantial support to phase 1 of the PCA. 

The commitment of the Government was evidenced by the involvement of various 
Ministries in the project, 1.e. the DSV of the Ministry of Livestock and Animal 
Production took responsibility for coordinating and implementing the project, the 
ISRA of the Ministry of Agriculture and Rural Equipment was given responsibility 
for operating the insectary/sterile male emergence and dispersal centre in Dakar and 
to guide the operational research that accompanied the project, and the Ministry of 
Environment and Sustainable Development provided the license to operate the project 
as it was considered environment-friendly. 

Initially, training of essential project staff was emphasized, and a total of 16 
veterinary field staff received training in tsetse biology, baseline data collection and 
control. This was a crucial step for the smooth implementation of the project in view 
of the limited experience of the field and insectary staff with tsetse flies, due to its 
absence from the Niayes for almost 20 years. 
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2.2. Phase 2: Collection of Baseline Data, Feasibility Studies and Strategy 
Development (2007-2010) 


The importance of the availability of relevant baseline data (phase 2) cannot be 
overemphasized, as an appropriate control strategy cannot be developed without such 
detailed and accurate data. Data were required on the geographic distribution of the 
target tsetse population, their spatial and temporal dynamics, their spatial occupation 
of the habitat, their genetic profile, the correlation between tsetse presence/density 
and the parasitological and serological disease prevalence, the socio-economic impact 
of AAT on the farming community and the potential impact of the selected strategy 
on the environment (Fig. 2). 

At the onset of the project, only limited data was available; therefore, during the 
first four years, all efforts were focused on collecting these data as part of a feasibility 
study. The data collected greatly assisted the decision-making process for selecting an 
appropriate strategy to sustainably manage the tsetse and trypanosomosis problem in 
the Niayes (Vreysen et al. 2007). The baseline data also enabled accurate monitoring 
of the operational eradication phase and continuous assessment of the progress made 
(Leak et al. 2008; Vreysen 2021). 

The feasibility study was initiated with the development of a specific 
entomological sampling protocol aimed at accurately defining the distribution of the 
G. p. gambiensis populations in the Niayes and La Petite Cóte. To enable the practical 
implementation of the protocol, a 5 x 5 km grid (286 cells) was superimposed over 
the entire initially defined project area of 7150 km? to facilitate the field sampling 
procedures (Leak et al. 2008) (Figs. 1 and 2). Spatial analytical tools were used to 
facilitate a preliminary phytosociological census that identified eight different types 
of habitat suitable to harbour G. p. gambiensis, which were denominated “wet areas" 
(Fig. 1). 

In early 2009, 683 unbaited Vavoua traps Laveissiére and Grébaut 1990) were 
strategically deployed in the area and the trapping data indicated that tsetse flies were 
present in 21 grid cells representing an area of 525 km?. In the area of zero catches 
adjacent to the infested area (84 grid cells or 2100 km?), a mathematical model was 
used to assess the risk that flies were present despite a sequence of zero catches 
(Barclay and Hargrove 2005; Bouyer et al. 2010). 

The analysis showed a risk of tsetse presence > 0.05 in 16 grid cells or 400 km? 
which represented 19% of the area, which was therefore considered potentially 
infested and included in the target area. The remote sensing analysis identified 285 
km? as wet areas, which comprised only 4% of the total project area of 7150 km’, 
whereas the mathematical model provided an efficient method to improve the 
accuracy and the robustness of the sampling protocol (Bouyer et al. 2010). Thus, the 
total area that could be considered as potentially infested with tsetse flies and that 
could be subjected to the control effort was estimated at approximately 1000 km?. 

The entomological baseline data survey already indicated a high probability that 
the G. p. gambiensis populations of the Niayes were isolated from the remainder of 
the tsetse belt in the south-eastern part of Senegal. This assumption was mainly based 
on the absence of tsetse fly captures in La Petite Cóte and the lack of any suitable 
tsetse habitat between the Niayes and the Sine Saloum, the nearest tsetse-infested area 
in the southeast. 
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Figure 2. Sampling strategy used in the Niayes of Senegal to delimit the target population of G. p. gambiensis (modified from Bouyer et al. 
2010). 
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To confirm this assumption, the genetic differentiation between the G. p. 
gambiensis populations from the Niayes and those from the south-eastern tsetse belt 
(Missira) was assessed. Using microsatellite DNA, mitochondrial COI DNA and 
geometric morphometrics of the wings of 153 individuals, complete genetic isolation 
of the G. p. gambiensis populations of the Niayes was confirmed. In addition, the G. 
p. gambiensis tsetse population from the Parc de Hann in Dakar proved to be isolated 
from other populations in the Niayes (Solano et al. 2010). 

A third study focused on the parasitological and serological prevalence of AAT in 
cattle residing inside and outside the tsetse-infested areas of the Niayes. Before any 
control efforts were implemented, a mean parasitological prevalence of 2.4% was 
detected at the herd level in the tsetse-infested area, whereas serological prevalences 
of 28.7, 4.4, and 0.396 were obtained for 7. vivax, T. congolense and T. brucei brucei 
Plimmer and Bradford, respectively (Seck et al. 2010). Moreover, the observed risk 
of cattle becoming infected with 7. congolense and T. vivax was 3 times higher in the 
tsetse-infested as compared with the assumed tsetse-free areas. Furthermore, AAT 
prevalence decreased significantly with distance from the nearest tsetse sampled, 
indicating that cyclical transmission of trypanosomes by tsetse flies predominated 
over any potential mechanical transmission by other biting flies present in the area 
(Seck et al. 2010). 

In addition to these studies, a socio-economic study was carried out to assess 
potential benefits from the sustainable removal of G. p. gambiensis from the Niayes. 
The study identified three main cattle farming systems, i.e. (1) a traditional system 
using trypano-tolerant cattle, and (2) two “improved” systems using more productive 
cattle breeds for milk and meat production. Herd size in improved farming systems 
was 45% lower and annual cattle sales amounted to €250 per head as compared with 
€74 per head in the traditional farming system. Tsetse distribution significantly 
impacted the frequency of occurrence of these farming systems with 34% and 6% of 
farmers owning improved breeds in the tsetse-free and tsetse-infested areas, 
respectively. 

Two scenarios were considered with respect to potential increases of cattle sales 
as a result of the sustainable removal of the G. p. gambiensis population from the 
Niayes, ie. a conservative scenario with a 2% annual replacement rate of the 
traditional system with improved ones, which was the rate observed just after tsetse 
eradication in Zanzibar (Vreysen et al. 2014), and a scenario with an increased 
replacement rate of 1096 five years after the removal of the tsetse fly population. The 
final increase of cattle sales was estimated at ~€2800/km7/year as compared with the 
total cost of the eradication campaign of -€6400/km?. The benefit-cost analysis 
indicated that the project was highly cost-effective, with internal rates of return of 
9.8% and 19.1% and payback periods of 18 and 13 years for the two scenarios, 
respectively. In addition to an increase in farmer's income, the benefits of the 
eradication project included a reduction of grazing pressure on the already fragile 
ecosystem (Bouyer et al. 2014) (Fig. 3). 

The project was considered an ecologically sound approach to achieving 
intensified cattle production without having a significant negative impact on the 
environment. Although the strategy included an initial insecticide (deltamethrin) 
component to suppress the tsetse fly population, the insecticide use was limited to 
impregnation of cloth traps, targets (Laveissiére et al. 1985) and nets (around pig 
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pens), and direct application to cattle (Bauer et al. 1995). The Sterile Insect Technique 
(SIT) (Knipling 1955) used as the final eradication component in the operational 
phase is a non-polluting control tactic that is very environment-friendly. 
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Figure 3. Comparison of the total costs of the eradication project and increase in global 
cattle sales per year (year 1 = 2007) taking into account two scenarios: a 2% annual 
replacement rate (S1) of local cattle with improved breeds, and an increased replacement 
rate of 10% five years after tsetse eradication (S2) (from Bouyer et al. 2014). 


The SIT requires the production of large numbers of the target insect in mass- 
rearing centres, the sterilisation of the male insects using ionizing radiation (gamma 
rays or X-rays) and the sustained and sequential dispersal of the sterile insects over 
the target area in numbers large enough to outcompete the wild males for mating with 
wild females (Vreysen et al. 2013). The transfer of sterile sperm to wild virgin females 
results in embryonic arrest and hence the absence of offspring (Dyck et al. 2021). 
With each generation, the ratio of sterile to wild males will increase and as a result, 
the SIT becomes more efficient as population densities decline (inverse density 
dependent action of the SIT) (Vreysen and Robinson 2011). 

In order to assess the potential impact of the eradication project and of the control 
tactics on the non-target fauna, an environmental monitoring project was implemented 
in five sites, one outside the tsetse-infested area (Mbour-centre IRD, a private 
protected area) and four within the targeted tsetse-infested areas (Dakar-Hann, Kayar, 
Thiès and Pout). Two fruit-feeding insect families (Coleoptera: Scarabaeidae 
(Cetoniinae) and Lepidoptera: Nymphalidae) were selected as indicator species as 
they have been shown to be highly appropriate for measuring the impact of various 
management practices on general ecosystem health in similar savannah areas in West 
Africa (Bouyer et al. 2007). 
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Monitoring with banana-baited traps indicated that of the ten most abundant 
Cetoniinae species, only one (Pachnoda interrupta Olivier) showed a significant 
reduction in apparent density in Block 1 (Kayar) during the operational phase (when 
insecticide-impregnated traps were deployed and cattle were treated with *pour-on"), 
but the population recovered to pre-suppression levels one year later. Similar 
Observations were made with another Cetoniinae species, Pachnoda marginata spp. 
(predominantly Pachnoda marginata aurantia (Herbst) in Block 2. No significant 
impact was observed with the four most abundant Nymphalidae species (Charaxes 
butterflies). These data indicate that the overall impact ofthe project, as assessed using 
these sensitive non-target indicator species, was transient and very limited (Bouyer, 
unpublished data). 

In addition to the above-mentioned studies, data were collected on population 
dynamics of the wild G. p. gambiensis populations in four different ecological sites. 
Apparent densities were shown to fluctuate both in space and time. Natural abortion 
rates were also highly variable in space and time and were modelled using MODIS 
satellite data, allowing the correction of apparent abortion rates during the sterile male 
releases (Bouyer, unpublished data). This in turn allowed the Fried competitiveness 
index to be estimated (Fried 1971), considering the observed abortion rate under a 
given sterile to wild ratio during the pre-operational phase. These data were crucial to 
make correct interpretations of the monitoring data during the control operations. 

In conclusion, the data that emanated from these studies contributed to the 
strategic decision-making and the development of a control strategy. It prompted the 
Government of Senegal to adopt once more an eradication strategy (Hendrichs et al. 
2021), as the isolated character of the G. p. gambiensis population of the Niayes and 
the integration of the SIT in this third attempt offered an opportunity to create a 
sustainable zone free of tsetse flies and trypanosomosis. In addition, it was decided to 
implement a project following area-wide integrated pest management (AW-IPM) 
principles that aimed to integrate the various control tactics (Vreysen et al. 2007) 
against the entire tsetse population within the circumscribed area to ensure that no 
population remnants would be left after the campaign. 

Moreover, there were several aspects that made the inclusion of the SIT as a 
component of the AW-IPM strategy a prerequisite, these were: the fragmented nature 
of the preferred tsetse habitat, the two earlier failures to eradicate the target population 
in the 1970s and 1980s (Touré 1973) and the low impact/efficiency of insecticide- 
based bait methods on low-density populations of the targeted species (Bouyer, 
unpublished data). 

It needs to be emphasised that most AW-IPM projects, especially those that 
incorporate a SIT component, are management-intensive and technically complex. In 
addition to a complete set of relevant baseline data, AW-IPM projects need to be 
implemented following sound scientific principles (Vreysen et al. 2007), and 
embarking on such a project without sound baseline data and a resulting 
comprehensive control strategy will have a high probability of failure. The probability 
of success will increase significantly when the project is accompanied by an all- 
inclusive operational research component to solve emerging problems during its 
implementation. 
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2.3. Phase 3: Pre-operational Phase (2009-2011) 


2.3.1. Successful Suppression Trial in a Suitable Area of Kayar 

A pre-release suppression trial, using insecticide-impregnated Vavoua traps, was 
carried out in the most northern part of the target area (Kayar) between November 
2009 and December 2010, to assess the efficiency of this suppression tactic. 
Geographic information systems (GIS) and remote sensing were used to select 
favourable habitat sites at which to deploy the traps at a density of 40 traps per km? 
of suitable habitat, corresponding to 3.2 traps per km? in the test area (8% of suitable 
habitat) (Bouyer, unpublished data). Monitoring data indicated that the G. p. 
gambiensis fly populations were reduced to very low numbers, which confirmed the 
suitability of the suppression tactic selected for this ecological zone. 


2.3.2. Establishment of an Insectary/Dispersal Centre at Dakar 

In preparation for the development of colonies (see next Section), a building at the 
ISRA was refurbished and modified into an insectary/dispersal centre. Essential 
rearing and release equipment was provided through the IAEA's Department of 
Technical Cooperation to enable the rearing and maintenance of the tsetse flies. 


2.3.3. G. p. gambiensis Strains and Colony Establishment 

Since the 1970s, a colony of the target species, G. p. gambiensis, has been maintained 
at the CIRDES, Burkina Faso (denoted BKF strain), and was used for the successful 
eradication of a target population from 1500 km? of agro-pastoral land in 
Sidéradougou (Cuisance et al. 1984; Politzar and Cuisance 1984). From the onset of 
the project in Senegal, the Government decided not to develop its own mass-rearing 
facility to produce and sterilize the insects required for the SIT component, as the 
project area was judged too small to justify the expense of constructing and operating 
a tsetse mass-rearing facility. 

Instead, it was proposed to procure the sterile male flies from the CIRDES. 
Although a recent study indicated that sterile males from this BKF strain were still 
competitive in riparian forests in Burkina Faso (Sow et al. 2012), relatively poor 
survival rates were obtained when released in the Parc de Hann of Dakar (B. Sall and 
M. Seck, unpublished data). It was speculated that this poor performance could be 
related to the extreme environmental conditions of this special micro-habitat in an 
urban setting. 

To mitigate the risk that sterile males from the BKF strain would not perform in 
certain ecosystems in the Niayes, a decision was taken early on in the project to 
establish a G. p. gambiensis colony with pupae originating from Senegal (denoted 
SEN strain). Between October 2009 and September 2010, a total of 2185 pupae 
produced by wild-collected females were received at the FAO/IAEA Insect Pest 
Control Laboratory (IPCL), Seibersdorf, Austria, to develop a SEN colony. By the 
end of December 2010, the SEN colony had increased to about 450 producing female 
flies, and by mid-2012 the colony reached a maximum size of 4500 females. 
Thereafter the colony was maintained with around 1500 females (M. Vreysen, 
unpublished data). 
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In addition, a colony was established at the IPCL with pupae derived from the 
BKF colony in CIRDES to develop a back-up colony for the eradication project and 
to provide material for experimental work, such as mating compatibility studies 
between the target strain (SEN) and the strain used for release (BKF), development of 
transport protocols of the sterile male pupae under low temperatures and the 
development of an introgressed strain (BKF-SEN). 

In view of the fact that colonization of a wild tsetse strain is a labour-intensive and 
lengthy process, an introgressed strain with a genetic background of 99% from SEN, 
that would also retain the adaptation to an artificial rearing environment (BKF strain) 
was developed. However, the strain proved to have a very low fecundity and the idea 
was abandoned. 


2.3.4. Mating Compatibility and Competitiveness of the BKF and the SEN Strains 

In view of the marked differences between the ecosystems of Burkina Faso and 
Senegal, and the large genetic differences between the two populations (BKF and 
SEN) (Solano et al. 2010), it was important to assess under semi-natural conditions 
the presence or absence of any potential mating barriers between the BKF and SEN 
strains that could jeopardize the release component and hence the outcome of the 
eradication campaign. 

The mating performance of the BKF strain was compared with that of the ‘wildish’ 
SEN strain (that was a few generations from the wild) in walk-in field cages. The 
laboratory-adapted BKF strain showed close to equal competitiveness and mating 
compatibility with the SEN strain, which indicated the potential of using BKF strain 
males for the SIT component against the G. p. gambiensis populations in the Niayes 
(Mutika et al. 2013). These data were later confirmed during pilot trials in the target 
area (Bouyer, unpublished data). 


2.3.5. Development of Protocols to Irradiate and Transport Male Tsetse Pupae 

After the decision to procure the sterile males from the CIRDES, the Government of 
Senegal requested the IPCL to develop irradiation and transport protocols that would 
allow the shipment of (only) male G. p. gambiensis pupae over long distances, whilst 
retaining the female flies in the colony at the CIRDES. As female tsetse flies emerge 
two days before male flies, a scheme was proposed that would expose the male pupae 
to low temperatures after most of the female flies had emerged. The low temperatures 
would arrest male emergence from the pupae, making transport of irradiated male 
pupae to Senegal possible, whilst maintaining the required low temperature. 

In the first series of experiments, exposing male pupae of G. p. gambiensis to low 
temperatures (10 and 12.5?C) for 3, 5, or 7 days immediately prior to emergence had 
no effect on emergence of male flies, whereas emergence of flies held at 15?C started 
before the simulated transport period was over. Survival of the experimental males 
and fecundity of females inseminated by males that emerged from pupae held at low 
temperature for different periods varied within the experimental groups, but mating 
performance of the experimental males was not impaired (Mutika et al. 2014). 
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A second series of experiments assessed the combined effect of irradiation and 
low-temperature period. Emergence and survival of adult male flies which were 
irradiated as pupae with 70, 90, 110 and 130 Gy on days 25, 27, and 29 post- 
larviposition was similar to that of un-irradiated pupae. Males that were irradiated 
with 110 Gy 24 h after initial exposure to the low temperatures and chilled for 5 days 
at 10°C were as competitive as un-irradiated males of the same age when competing 
with them in walk-in field cages for virgin untreated females (Mutika et al., 
unpublished data). 

In addition to pupal irradiation and low temperature during their transport, the 
release protocol required a chilling period for adult males to allow immobilization and 
collection immediately prior to the aerial release (Mubarqui et al. 2014). A 
significantly lower proportion of males that had been irradiated (110 Gy) and held at 
low temperature as pupae (10°C for 5 days) and adults (5.1 + 0.02?C for 6 or 30 hours 
six days after emergence) succeeded in mating compared to untreated colony males. 
Female insemination levels were slightly lower for males held at low temperature for 
30 h compared to 6 h or not exposed to low temperature (standard colony conditions). 
The data confirmed the feasibility of transporting irradiated pupae at low temperatures 
for long distances followed by releases of chilled males using an adult release system, 
but it was found necessary to minimize the time that the adults remain chilled (Mutika 
et al., unpublished data). 


2.3.6. Validation of Protocol for Long-distance Shipment of Irradiated Male Pupae 
The use of isothermal boxes that contained phase change material (Phase Change 
Material Products Limited, Cambridgeshire, UK) packs to transport the male pupae 
was validated during weekly shipments from 2011 to 2013. More than 900 000 G. p. 
gambiensis pupae were transported in 132 shipments from the CIRDES in Burkina 
Faso, the SAS in Slovakia, and the IPCL in Austria to the ISRA in Dakar, Senegal, 
using a commercial courier service. The average temperature and humidity inside the 
insulated transport boxes were 10.1 + 2.3°C and 81.4 + 14.3% relative humidity, 
respectively. Pupae were collected on different days at the source insectary and 
depending on the date of collection, they were kept for different periods at low 
temperatures (4°C). 

At the emergence and dispersal centre in Senegal (ISRA), the emergence rate from 
pupae that had been chilled at 4°C for one day in the source insectary before transport 
(batch 2) was significantly higher than that of pupae that had been chilled at 4°C for 
two days in the source insectary before transport (batch 1), i.e. an average emergence 
rate (+ SD) of 76.1 + 13.2% and 72.2 + 14.3% respectively, with a small proportion 
emerging during transport (0.7 + 1.7% and 0.9 + 2.9% respectively). Among the 
emerged flies at the dispersal centre, the percentage with deformed (not fully 
expanded) wings was significantly higher for flies from batch 1 (12.0 + 6.3%) than 
from batch 2 (10.7 + 7.5%). The quantity of sterile males available for release as a 
percentage of the total pupae shipped was 65.8 + 13.3% and 61.7 + 14.7% for batch 1 
and 2 pupae, respectively. The results showed that the temperature inside the boxes, 
during shipment, must be controlled around 10°C with a maximal deviation of 3°C to 
maximize the male yield (Pagabeleguem et al. 2015). 
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2.3.7. Quality Control Procedures to Assess Sterile Male Quality after Long-distance 
Shipment 

Routine quality control procedures were required to regularly monitor the biological 
quality of the shipped and received biological material. This was important to ensure 
that the flies that were released, especially those released by air, were adequately 
competitive. A quality control test derived from the one used in fruit flies in Central 
America (Enkerlin et al. 2015) was developed to monitor the quality of G. p. 
gambiensis males that emerged from pupae produced and irradiated in Burkina Faso 
(irradiation done at CIRDES) and Slovakia (irradiation done at the IPCL) and 
transported weekly under low temperature conditions to Dakar. 

For each consignment, a subsample of 50 pupae was taken before shipment and at 
destination to assess emergence, flight ability of the adult flies from a cylinder and 
survival of the flyers without access to blood meals. The quality protocol proved a 
good proxy of fly quality, explaining a large part of the variances of emergence rates, 
percentage of flies with deformed wings and flight ability in the field. Initially only 
35.8 + 18.4% of the transported pupae produced sterile males that showed a propensity 
to fly, thereafter named “operational flies” (Seck et al. 2015). However, these 
operational males were very competitive after release, which has already resulted in 
eradication of some of the target populations (Bouyer et al. 2012). Over time, the 
handling procedures and transport protocols were fine-tuned, resulting in a significant 
improvement in the percentage of operational flies from an initial 36% (SD 18%) in 
2012 to 59% (SD 15%) in 2016 (Fig. 4). Unfortunately, this percentage dropped again 
in 2017 and 2018, mainly due to problems with environmental control and blood- 
feeding in the mass-rearing facilities producing the flies. Improving the quality of the 
flies will be crucial to ensure the success of the operational phase, as a significant 
positive correlation was observed between the recapture rate of sterile males in the 
field and this quality indicator (Bouyer and Seck, unpublished data). 


2.3.8. Environmental Suitability of Available Strains for Release in the Niayes 

At the CIRAD in Montpellier, a study was carried out to determine the critical 
environmental thresholds for survival of G. p. gambiensis flies from the three strains 
(BKF, SEN and the introgressed SEN-BKF strain). The study provided information 
on which strain would be best adapted to a particular environment or ecosystem. The 
optimal temperatures for maintaining flies of the BKF, SEN-BKF and SEN strains 
were 25 + 1, 24.6+ 1 and 23.9 + 1°C, respectively. The survival of this tsetse species 
was governed by temperature alone and unaffected by changing humidity within the 
tested range. The BKF strain better survived temperatures above these optima than 
the SEN and SEN-BKF strains, but a temperature of about 32°C was the limit for 
survival for all strains. The relative humidity ranging from 40 to 75% had no effect 
on productivity at 25-26°C (Pagabeleguem et al. 201 6b). 


2.3.9. Field Competitiveness of the BKF Strain after Release in the Niayes 

The competitiveness, mortality and dispersal of BKF flies was measured in the field 
in 2010-2011 (Bouyer et al. 2012) using mark-release-recapture studies in four 
different ecosystems (Hann, Diaksao Peuhl, Pout and Kayar). Data were collected on 


AW-IPM OF TSETSE POPULATION FROM THE NIAYES, SENEGAL 289 


recapture rate, trap efficiency, daily mortality of the sterile males, dispersal capacity 
and mating competitiveness in both space and time. Female abortion rates (1.e. rate of 
induced sterility) were assessed through dissection of all captured wild females (Van 
der Vloedt and Barnor 1984; Vreysen et al. 1996) and corrected for natural abortion 
rates using developed models. 
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Figure 4. Rate of operational flies measured as the proportion of flies capable of flying out of 

a flight cylinder as part of routine quality tests at the ISRA (Institut Sénégalais de Recherches 

Agricoles) dispersal center (2012-2018). Boxplots present the median and quartiles and bars 
the 95% confidence intervals (updated from data published in Seck et al. 2015). 


Trap efficiency (measured as the probability that a trap catches a fly present within 
] kn? within 1 day (Barclay and Hargrove 2005)) was estimated at 0.03 (SD 0.04) 
and its variability in space and time was low. The daily mortality rate was quite 
homogeneous, but higher in the urban ecosystem (Parc de Hann) as compared with 
the more natural habitats. Although the dispersal rates were lower as compared with 
values obtained in riparian forests in Burkina Faso (Cuisance et al. 1984; Bouyer et 
al. 2007) they were, nonetheless, considered sufficient to obtain a homogeneous 
dispersal of sterile males using swaths of 500 m between aerial release lines. Finally, 
Fried indices obtained (Fried 1971) were high (> 0.35) but varied with the ecosystem. 
These data were instrumental in the development of an efficient release strategy for 
the sterile males. 
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2.3.10. Molecular Tools to Discriminate Sterile and Wild G. p. gambiensis Flies 
Inany AW-IPM project with a SIT component, the impact ofthe released sterile males 
needs to be assessed at regular intervals to monitor project progress and allow quick 
mitigation of emerging problems. Monitoring usually relies on an adult trapping 
system that captures both sterile and wild insects in a similar way (Vreysen 2021). 
This requires procedures that allow discriminating between the trapped wild and 
sterile male insects. 

In the tsetse eradication project in Senegal, sterile adult male G. p. gambiensis 
were marked with a fluorescent dye powder (DayGlo®, 1% dye by weight mixed with 
sand) during emergence from the pupae (Parker 2005). A similar procedure was used 
in the Glossina austeni Newstead eradication project on Unguja Island of Zanzibar 
(Vreysen 1995). This type of marking is effective, although not infallible and in some 
cases, sterile male flies were only slightly marked; conversely, some wild flies could 
become contaminated with a few dye particles in the cages of the monitoring traps 
(which leads to incorrect interpretation of the trapping results). 

In some cases, predatory ants also damaged the trapped flies, making 
discrimination between wild and sterile males using a fluorescence camera and / or a 
fluorescence microscope difficult. 

A molecular technique, based on the determination of cytochrome oxidase 
haplotypes of G. p. gambiensis, was therefore developed to discriminate wild from 
sterile males with a high level of accuracy. DNA was isolated from the fly heads and 
a portion of the 5’ end of the mitochondrial gene cytochrome oxidase I was amplified 
for sequencing. All sterile males from the BKF strain displayed the same haplotype 
and differed from that of wild male flies trapped in Senegal (and in Burkina Faso). 
The method allowed complete and fail-proof discrimination between sterile and wild 
male G. p. gambiensis and might be used in other tsetse control campaigns with a SIT 
component (Pagabeleguem et al. 20162). 


2.3.11. Aerial Release Trials 

Sterile male tsetse flies were released by air for the first time in the G. austeni 
eradication campaign on the Island of Unguja, Zanzibar (Vreysen et al. 2000), using 
biodegradable carton boxes that contained un-chilled sterile adult insects. The fixed- 
wing aircraft were equipped with an appropriate chute that allowed the cartons to be 
released through the fuselage of the aircraft (Vreysen et al. 2000). 

In the Niayes project, the area that needed to be covered with sterile males was 
large enough to opt for aerial releases to efficiently disperse the sterile insects, rather 
than ground releases which were considered too costly, inefficient and not conducive 
to an area-wide coverage. The release vehicle of choice was the gyrocopter (Fig. 5), 
which was initially adapted to release sterile males in carton release containers. A 
gyrocopter is an autogyro that is characterized by a free-spinning rotor that turns 
because of the passage of air through the rotor from below which sustains the autogyro 
in the air, and a separate engine driven propeller that provides forward thrust 
(Wikipedia 2019). 
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Figure 5. Loading of the chilled adult aerial release device with immobilized adult tsetse 
males (top) and the gyrocopter ready for take-off to release the sterile insects (bottom). 


Gyrocopters have been used for the SIT component in other AW-IPM projects, 
such as the release of sterile false codling moth, Thaumatotibia leucotreta Meyrick, 
in South Africa (Boersma, this volume). 

The aerial release of sterile males using carton boxes was tested in a sub-unit of 
the first block (Kayar) along 4 release lines that were separated with a swath of 500 
m. For 11 weeks (from March 2013 to June 2013), 32 boxes were released each week 
separated by a distance of 500 m over each release line. A total of 65 000 sterile males 
were released of which 316 flies (0.596) were recaptured, giving an estimated daily 
mortality rate of 28% (SD 12%) and a mean daily displacement of 917 m (SD 477 m). 

Although the release with carton boxes was very successful, a new approach for 
the aerial release of sterile tsetse flies was developed in collaboration with the 
Mubarqui group of Mexico (Mubarqui et al. 2014). This innovative system (Fig. 5) 
allowed the release of small numbers of tsetse flies per surface area (between 10-100 
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per km?) and was based on the use of a vibrating mechanism. The device is guided by 
a GIS that can adjust flexibly the density of sterile males to be released depending on 
the requirements of the different target areas being treated. The GIS is installed on an 
android tablet which enables the pilot to concentrate on navigating the predefined 
release lines; the machine will automatically start releasing the required number of 
sterile insects for each target zone. However, the calibration of the release rate using 
the release machine proved challenging because of significant (unwanted) secondary 
vibrations of the gyrocopter. As a consequence, a new release device was designed, 
based on a rotating cylinder, which provided improved results (patent deposition 
number 1653994 by CIRAD and ISRA). 


2.3.12. Use of a Maxent Distribution Model 

All suppression and release activities were optimized using a Maxent distribution 
model that mixed high spatial resolution data (four supervised classifications of the 
vegetation Landsat 7ETM+ images from four seasons) with high temporal resolution 
data (MODIS images) that allowed a very good identification of suitable habitats 
(Dicko et al. 2014). The model was used to select and deploy insecticide-impregnated 
traps in suitable vegetation (see above), but also to adjust the release density of the 
sterile males in relation to the availability of suitable habitat (the reference was 10 and 
100 sterile males per km? in unsuitable and suitable habitat, respectively). 


2.4. Phase 4: Operational Phase (since 2011) 


2.4.1. External Review of the Project 

An external team of experts visited the project in May 2012 and reviewed all past 
activities since the initiation of the project. The evaluation team highlighted the 
thoroughness of the baseline data collection effort that enabled the project area to be 
defined. The reviewers likewise emphasized the good collaboration, 
complementarities and interaction between the persons involved in the project as a 
key factor for the project's success. The team concluded that the project was ready to 
enter the full operational eradication phase (unpublished report to the IAEA of an 
external review team-May 2012). 


2.4.2. The "Rolling Carpet" Strategy 

Although the G. p. gambiensis populations in the target area were genetically isolated 
from the remainder of the tsetse belt in the south-eastern part of Senegal, the lack of 
sufficient manpower in the field and insufficient numbers of sterile males available 
on a weekly basis made it impossible to tackle the entire project area at once. 

During the baseline data collection, it became apparent that the project area 
contained three distinct tsetse populations in areas of suitable habitat that were 
separated from each other by zones of unsuitable habitat (or very fragmented suitable 
habitat), limiting the potential for tsetse dispersal. The project area was therefore 
divided into three main operational blocks, i.e. Kayar in the north (Block 1), 
Pout/Sebikotane/Diacksao Peulh in the middle (Block 2) and Dakar (Block 3B) and 
Thiés (Block 3B), west and east of Block 2, respectively (Fig. 6). 
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Figure 6. Map of project area with each grid cell corresponding to 5 x 3 km. Diagram of the 
three main activities of the operational phase in the different blocks of the project area. 


An operational “rolling carpet” strategy (Hendrichs et al. 2021) was adopted and 
implemented whereby the different blocks were treated in sequence (suppression, 
followed by sterile male releases, and then monitoring of the status of eradication) 
(Fig. 6). In each block, insecticide-impregnated targets/traps were removed before the 
start of sterile male releases. 

In Block 1, January 2011 marked the start of the operational phase of the project 
with the deployment of 269 insecticide-impregnated Vavoua traps (Laveissiére and 
Grébaut 1990) in the favourable habitat areas, a density which corresponded to 19.4 
traps per km? of suitable habitat. The apparent density of the G. p. gambiensis 
population dropped from an average of 0.42 (SD 0.39) flies per trap per day before 
the start of the suppression to an average of 0.04 (SD 0.11) flies per trap per day at 
the end of the trap deployment. This was followed by the aerial release of sterile males 
in March 2012 using biodegradable cardboard boxes over 185 release points, 
following 23 release lines over a total surface area of 72 km?. In February 2014, the 
“boxed release" system was abandoned, and a “chilled adult” release system became 
operational (Mubarqui et al. 2014). 
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The apparent density of the G. p. gambiensis fly population was reduced to zero 
catches after six months of sterile male releases. In Block 1, the last wild fly was 
trapped on August 9, 2012, i.e. an old female (> 40 days), which was in her fourth 
oviposition cycle and which had an empty uterus. The next follicle in ovulation 
sequence was still immature and small, indicating an abortion of the larvae or an egg 
in embryonic arrest. This female showed a copulation scar and a spermathecal fill of 
85%, indicating that its sterility was probably induced through a mating with a sterile 
male (Van der Vloedt and Barnor 1984; Vreysen et al. 1996). 

From the beginning of the releases in Block 1 (March 16, 2012) to the date 
corresponding to the last capture, only three other wild females could be dissected, 
and all had indications of having mated with a sterile male. The average percentage 
of sterile males as a proportion of the total catch was then 99.2% (SD 1.6%), 
corresponding to a sterile-to-wild male ratio of 130:1. The percentage of sterile males 
remained 100% thereafter (no wild fly has been captured for the subsequent 78 weekly 
collections with 25 monitoring traps). Sterile male releases were suspended in late 
2014 and as of January 2015, all sterile flies were released in Block 2. 

The monitoring in Block 1 was continued on a monthly basis and is still ongoing 
at the time of writing. Since 2012, no wild flies have been trapped in Block 1, 
corresponding to a very high likelihood of eradication (probability of not detecting 
potential remaining flies « 10% at the time of writing, considering that the population 
would have recovered to at least 10 flies during almost 2 years of monitoring without 
control) (Fig. 7, upper graph). 

In Block 2, remote sensing and land cover maps were used to select 1205 suitable 
habitat sites for the deployment of insecticide-impregnated traps (corresponding to 
16.7 traps per km? of suitable habitat and 2.7 traps per km? of the total targeted area). 
Deployment of the suppression traps in Block 2 was initiated in December 2012 and 
was supplemented with an additional 300 insecticide-impregnated traps in early 2013. 
In addition, at 6 monthly intervals, 2970 cattle were treated three times with a “pour- 
on" insecticide as a complementary method to suppress the G. p. gambiensis fly 
population. 

In Block 2, the apparent fly density dropped from an average of 1.24 (SD 1.23) 
flies per trap per day before the suppression to an average of 0.005 (SD 0.017) flies 
per trap per day at the end of the suppression phase. Sterile male releases were started 
in Block 2 in February 2014, initially covering a quarter of the block, which was 
expanded based on sterile male availability to half of the block in April 2014. In 
January 2015, releases were expanded to cover the entire Block 2. 

The apparent fly density was reduced to « 0.001 fly per trap per day by the end of 
2018. The releases are scheduled to continue for another 10—12 months after the last 
wild fly has been trapped (Fig. 7, middle graph). In the beginning of 2017 and 2018 
unexpected upsurges in the density of the wild fly population were observed in Block 
2 in 3-5 areas. The reasons for these upsurges are not clear, but mitigating action was 
taken immediately, and suppression traps were deployed in the affected areas (Fig. 6). 
In addition, emergency insecticide spraying of Euphorbia hedges was carried out in 
selected areas, that brought the fly situation rapidly again under control. Depending 
on availability of sterile male flies, these areas received higher concentrations of 
sterile flies as compared to the rest of the area. 
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Ground releases were carried out in an area of 114 km? in Block 2, where recapture 
rates of sterile males released by air were consistently zero. This was later assumed to 
be correlated with the opening of a cement factory that apparently had a negative 
impact of fly survival. As a result, the aerial releases in that area were abandoned and 
replaced with releases from the ground. Additional ground releases were used in the 
hot spot areas of Block 2 (Pout and Diacksao Peulh) to supplement the aerial releases. 


Block 2 


Block 3 


Apparent density of Glossina palpalis gambiensis per trap per day (log scale) 
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Figure 7. Apparent density (number of flies/trap/day) of the Glossina palpalis gambiensis 
populations in Block 1, 2 and 3 of the Niayes during the pre-suppression, suppression and 
eradication activities. Pre-suppression activities are shown before the blue line, suppression 
between the blue and red lines, eradication activities with sterile male releases between the 
red and green lines, and post-SIT monitoring only after the green line. 
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In Block 3, the suppression activities started in May 2015 with the deployment of 
191 insecticide-impregnated traps in suitable habitat (12.6 traps per km? of suitable 
habitat), thereafter reinforced with an additional 43 traps. Before suppression, the 
initial apparent density of the fly population was 1.50 (SD 2.12) flies per trap per day; 
this dropped to 0.008 (SD 0.039) flies per trap per day in June 2016, i.e. a reduction 
of 99.4%. Sterile male releases were started in July 2016 in 100 km? of Block 3, but 
were suspended in early 2017, to accommodate the releases in the problem areas in 
Block 2 (Fig. 7, lower graph). 


2.4.3. Monitoring the Progress of the Campaign 

The Maxent distribution model was also used to guide the monitoring of the 
eradication campaign by deploying monitoring traps in suitable habitats (Dicko et al. 
2014). As eradication was the selected strategy, the suitability threshold was set to 
provide a high sensitivity (0.96). The model was continuously improved during the 
project to increase its specificity from an initial 0.43 using the supervised 
classifications of the vegetation to 0.57 using the Maxent. 

The areas around the monitoring traps were regularly cleared of vegetation and the 
monitoring traps were changed every 3 months. Moreover, monitoring traps in sites 
with no capture for one year were moved to other sites, but still within the predicted 
suitable habitats, and were labelled as temporary monitoring sites. 

Regular parasitological monitoring of sentinel herds, each composed of ~100 
tagged cattle, was carried out every year in three sites, of which one site was in a non- 
infested area and two were in the target area (in Blocks 1 and 2). In the non-infested 
area, the overall AAT seroprevalence remained below 5% between 2009 and 2017. In 
the target area, the AAT prevalence reduced quickly as control operations advanced 
(p < 0.001), i.e. from an initial value of >20% in 2009 to below 1% in 2014 in Block 
1, and from 60-85% in 2009—2010 to below 5% in 2016 and 2017 in Block 2 (Bouyer 
and Seck, unpublished data). 

In 2015, irregular sero-prevalence peaks of 7. vivax were observed in both blocks, 
i.e. 12% in Block 1 and 16% in Block 2, which might be attributed to mechanical 
transmission (Desquesnes and Dia 2003; Desquesnes et al. 2009) facilitated by the 
presence of trypanosomes in tsetse in Block 3 and a small persistence in Block 2. 

A blanket treatment of all cattle using trypanocidal drugs will be carried out in the 
Niayes area after tsetse eradication, to also ensure the eradication of trypanosomes. 


3. DISCUSSION AND PERSPECTIVES 


Many successful AW-IPM projects with a SIT component were or are implemented 
by management structures that were/are flexible and independent, with a high degree 
of financial and political freedom and not affected by strangling government 
bureaucracies and regulations (Vreysen et al. 2007). The New World Screwworm 
Commission, initially established between Mexico and the USA and later other 
countries in Central America, is a good example in this respect (Wyss 2006). The 
commission had to account for all financial, physical and human resources, could hire 
and fire staff based on merit and performance, and all staff were employed full-time 
without any other responsibilities (Vreysen et al. 2007). 


AW-IPM OF TSETSE POPULATION FROM THE NIAYES, SENEGAL 297 


Another good example is the Programa Moscamed, a cooperative agreement 
between Mexico, Guatemala and the USA, that has contained the Mediterranean fruit 
fly, Ceratitis capitata (Wiedemann) for the last 30 years in Guatemala and has 
prevented its spread into Mexico and the USA, which are free from this pest (Enkerlin 
et al. 2015). 

There are however examples of AW-IPM projects, albeit smaller than the 
examples given above, that operated successfully outside such an organization, e.g. 
the tsetse eradication project on Unguja Island of Zanzibar that was implemented 
within the Ministry of Agriculture, Livestock and Environment of Zanzibar (Vreysen 
et al. 2000). The success of the project, however, was made possible by the full 
autonomy and independence that was given to the senior project managers by the 
Government of Zanzibar to implement the project as required. 

The project in the Niayes is likewise operated within the Ministries of Livestock 
and Agriculture (EXPO Milano 2015) and not implemented by an independent 
organization. The project adopted an "adaptive management" approach which 
included monthly project coordination meetings with the different stakeholders (Fig. 
8). It is believed that this approach was critical to the project's success. This 
management approach involved all the stakeholders, including researchers, ensuring 
transparency and decision-making by consensus. The important decisions in the 
project were based on scientific principles (never political, personal, or emotional) 
and were guided by analysed field or other data. Day-to-day operational and financial 
problems were openly discussed, leading to consolidated solutions being found. Any 
decision that required follow-up actions was immediately acted upon and was always 
implemented according to plan, as the DSV and the ISRA had full authority over 
regional veterinary staff and technicians employed for the SIT component of the 
project, respectively. It 1s believed that the collaboration between the internal 
stakeholders, international partners and the policy of “non-interference” of the 
respective Ministries have been instrumental for the smooth implementation of the 
project. 

The stability in project staffing, with basically no turn-over experienced in 12 
years, both at the management and at the technical (insectary/field staff) level is 
considered another important factor for the project's success. This created a 
personnel culture of reliability, transparency and trust, and ensured the necessary 
institutional memory. The main outputs of the research component of this innovative 
project were the development of methods that allowed an optimization of the 
implementation of the SIT to eradicate the tsetse fly using an adaptive management 
scheme. The involvement of the public sector in the innovation processes guaranteed 
top-down control of the use of the technology from the central veterinary services to 
regional veterinary services or dedicated personnel (Devaux-Spatarakis et al. 2016). 

All data generated within the project were transferred to and managed within a 
relational database that was accessible on the web with information displayed in 
graphs, featuring specific queries that allowed all stakeholders and the general public 
to make assessments of the progress of the project at any time and at a glance (Projet 
de Lutte contre la Mouche Tsé-tsé dans le Niayes 2019). This provided transparency 
on project progress for all stakeholders in the project and also facilitated statistical 
analyses of the field data to better inform the decision-making process. 
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Before the start of the operational phase of the project and after a critical review 
of its components, the Senegalese Ministry of the Environment issued a permit to 
implement the planned project, provided that it was accompanied by an 
environmental monitoring scheme for the entire life span of the project. This 
monitoring revealed a slight and transitory impact of the suppression activities on 
non-target fauna (Ciss et al. 2019). The removal of the tsetse fly and AAT from the 
Niayes is expected to result in an improvement of farming systems (1.e. a replacement 
of traditional, low-productive cattle with more productive cross- and/or exotic 
breeds-this replacement is already apparent in Block 1 and certain areas of Block 2), 
but at the same time in an anticipated reduction (up to 4596) of the average size of 
cattle herds (Bouyer et al. 2014, 2015a). This will actually significantly reduce 
overgrazing which is a major cause of land degradation in Senegal, and as such, the 
removal of the tsetse fly will have a positive impact on this already fragile ecosystem 
and environment (Budde et al. 2004). Despite the experienced upsurges of the wild 
fly population in the beginning of 2017-2018 period, the apparent density of the wild 
fly population has been significantly reduced in the entire project area and 
transmission of AAT has basically stopped in the Niayes at the time of writing. 
Consequently, milk production, resulting from an increased rate of replacement of 
local with exotic cattle, has significantly increased and milk import has significantly 
been reduced. In 2016-2017, Senegal imported more than 1000 exotic cattle into the 
Niayes area as compared to 100-200 in earlier years. 

An important part of the operational funding was provided by international 
partners, such as the IAEA's Department of Technical Cooperation and the US 
Department of State's PUI. The socio-economic studies which were carried out 
documented the processes of innovation that increased the impact of the eradication 
project (Bouyer et al. 2014, 2015a), and the outcome of these studies were important 
to convince external partners to continue financing the project, even though it could 
take some time for the economic impact of the project to become visible. 

Like many other AW-IPM projects with a SIT component, the AW-IPM 
campaign in the Niayes was accompanied by an extensive public relations campaign. 
The inhabitants of the Niayes were informed from the beginning and during the 
different phases of the project about the justification, activities, future advantages of 
the project through meetings organized by the Chiefs of the local veterinary centres 
in collaboration with administrative (sub-prefects) and local (village chiefs and 
locally elected politicians) authorities. It is believed that these meetings were 
instrumental in informing the general public about the project and soliciting their 
support. Even in the beginning of the project, the period of baseline data collection 
was taken as an opportunity to inform and intensify contacts with the local farming 
community regarding the project. In addition, T-shirts and hats were distributed that 
carried the logo of the project to increase the visibility of the project. Finally, two 
video films produced in 2012 and 2013 were aired on the national TV. 

As was done for Block 1, probability models will also be used to verify 
eradication over the entire project area (Barclay and Hargrove 2005). These 
calculations might be complemented by a new innovative diagnostic technique that 
is based on the prevalence of specific antibodies against tsetse saliva in the host that 
can persist for 4-6 weeks, which is being developed as an indirect - but very sensitive 
- measure of tsetse presence (Somda et al. 2013, 2016). 
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The absence of circulation of the AAT parasites will also be used as an indirect 
measure of the absence of cyclical transmission and hence, the absence of tsetse flies. 
All these data will permit the provisional declaration of tsetse eradication after there 
have been zero fly catches fora period of six months and confirmed tsetse eradication 
if no wild tsetse are captured during for least one year after the end of control 
operations (Barclay et al. 2021). 

Finally, friction models have been developed and used to identify other potential 
G. p. gambiensis populations that could be potential targets for eradication (Bouyer 
et al. 2015b). These models allow the resistance of the environment to tsetse dispersal 
to be mapped, i.e. natural barriers isolating sub-populations from the main tsetse belt. 
These “ecological islands" of suitable habitats might be good candidates for tsetse 
eradication projects, but feasibility studies similar to those described in the present 
paper will be necessary to accurately assess their boundaries and confirm their 
isolated status with respect to neighbouring populations. The method could be used 
to prioritize intervention areas elsewhere in Africa within the PATTEC initiative and 
is applicable to the strategic management of other vector and pest species. 
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SUMMARY 


Insect pests have a widespread negative impact on livestock production, resulting in large economic losses. 
Monitoring and surveillance of pest species are fundamental to manage their populations and reduce the 
damage they inflict on livestock. In addition, resistance to pest control methods, such as the use of 
insecticides, is becoming an increasingly important issue. Inferring population structure, the 
phylogeographic pattern of pest species, and the connectivity among populations is key to understanding 
migration patterns, which can be used to delineate area-wide pest surveillance and management schemes 
such as the Sterile Insect Technique (SIT). This review provides a summary of phylogeographic patterns 
of the New World screwworm (NWS) fly, Cochliomyia hominivorax Coquerel, a myiasis-causing fly that 
leads to significant losses in livestock production, based on molecular markers and the monitoring of 
insecticide resistance to improve its management. The species’ current geographic distribution comprises 
most of the Neotropical region, having been eradicated in North and Central America after area-wide 
integration of the SIT with other methods. Introducing similar management programmes in South America 
and the Caribbean could be a strategic alternative to the permanent and exclusive use of insecticides, which 
has a negative environmental impact and is a growing challenge because of increasing resistance 
development in NWS. Such an area-wide approach requires NWS population delineation at regional and 
geographic scales, and the monitoring of mutations that are involved in insecticide resistance in natural 
populations. 


Key Words: Cochliomyia hominivorax, myiasis, livestock, phylogeographic patterns, carboxylesterase, 
management unit, microsatellites, mitochondrial DNA, molecular markers, population structure, 
Neotropical region, Caribbean, South America 
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1. INTRODUCTION 


Successful eradication of the New World screwworm (NWS) fly Cochliomyia 
hominivorax Coquerel from North and Central America, using an area-wide integrated 
pest management (AW-IPM) (Klassen and Vreysen 2021) approach that included a 
Sterile Insect Technique (SIT) component, has triggered discussions about its 
potential eradication in the Caribbean and South America (Vargas-Terán et al. 2021). 
However, the high livestock density and wildlife distribution in the NWS fly's current 
habitat area, with the geographical and environmental settings including large 
rainforests, wetlands, and huge grasslands, make area-wide management and eventual 
eradication a great challenge. 

The efficient area-wide management of a pest requires the control of all its target 
populations in a delimited geographic region, requiring a minimum area sufficiently 
large to guarantee that natural dispersion only occurs inside it (Klassen and Vreysen 
2021). E. F. Knipling (1972) showed that the survival of a small remnant fraction of 
the population (i.e. 1% of the original population) is enough for it to recover to a 
density capable of causing economic damages in a few generations. 

In this sense, the delimitation of adequate target regions and geographic scales is 
extremely important as well the understanding of gene flow pattern among 
populations (Tabachnick and Black 1995). Several studies, reviewed below, have 
aimed to characterize the structure of NWS fly populations and infer gene flow 
patterns at different geographic scales, from local to continental, providing a basis for 
distinct hypotheses about the distribution of genetic variability and its possible effects 
on control strategies. 

Another important requisite for the effective application of the SIT is a low density 
of the target field populations (Knipling 1979). Due to the relatively high density of 
NWS populations in some local situations (Krafsur et al. 1979), complementary 
actions need to be taken to ensure their reduction prior to the release of sterile insects. 
Wound and myiasis treatment, which relies on the application of insecticides (e.g. 
organophosphates and pyrethroids), is the standard method to reduce NWS fly 
populations in the first step of a management programme (reviewed in Mangan and 
Bouyer 2021; Vargas-Terán et al. 2021). However, chemical treatment will not 
succeed if populations are resistant to the used compounds. 

Thus, studies that aimed to discover the main genes involved in NWS fly 
insecticide resistance and to monitor the frequencies of mutations in the genes 
associated with this resistance in natural populations are also reviewed here. 


2. POPULATION GENETICS AND PHYLOGEOGRAPHY 


Over the last three decades, technological advances in molecular biology have led to 
the introduction of many types of molecular markers to assay genetic variation. 
Accompanying these advances, the genetic variability and structure of NWS fly 
natural populations in South America and the Caribbean region have been extensively 
studied and characterized (see Table 1 for a summary). 


SCREWWORM PHYLOGEOGRAPHY AND INSECTICIDE RESISTANCE 307 


2.1. NWS Population Genetic Studies from South America and Caribbean Region 


Restriction fragment length polymorphism of mitochondrial DNA (mtDNA RFLP) 
was the first method used and a seasonal analysis of a single population from Brazil 
(Caraguatatuba, São Paulo) indicated a high genetic heterogeneity for some restriction 
sites over time, with seven haplotypes exclusively found during summer and fall 
(Azeredo-Espin 1993). A study of four other populations from the same state, Sao 
Paulo, showed 15 haplotypes, with a small number of haplotypes widely distributed 
and a large number that appeared to be local (Infante-Vargas and Azeredo-Espin 
1995). Similarly, Infante-Malachias et al. (1999) explored the nuclear genome with 
Random Amplified Polymorphic DNA (RAPD) markers, and detected moderate 
genetic differentiation among 6 populations from south-eastern Brazil and one from 
northern Argentina. 


Table 1. NWS population genetic studies from South America and Caribbean region" 


Reference Region Marker Var. Fsr 
Azeredo-Espin (1993) | South-eastern BR RFLP - - 
Infante-Vargas and | South-eastern BR RFLP H - 
Azeredo-Espin (1995) 

Infante-Malachias et | Northern AR, south-eastern BR | RAPD - 0.122 


al. (1999) 


Tayloretal.(1996) ^ | CB, CR, DR, JM, TT, southern | PCR-RFLP H | : 


BR 
Lyra et al. (2005) [UY PCR-RFLP H 0.145” 
Torres et al. (2007) | UY SSR M 0.031 
Torres and Azeredo- | CB, DR, JM, TT SSR M/H 0.157 
Espin (2009) 
Griffiths et al. (2009) | BR, JM, TT, UY SSR M/H - 
McDonagh et al. | BR, CB, CO, DR, EC, JM, PE, | mtDNA, Nuc |- 2 
(2009) TT, USA, UY, VE 
Lyra et al. (2009) | BR, CB, CO, DR, EC, JM, PY, | PCR-RFLP  |L/H 0.130 
TT,UY. VE 
Fresia et al. (2011) | AR and Lyra et al. (2009) mtDNA H 0.496 
Fresia et al. (2013) | BL, CR, MX, US and mtDNA - 0.155-0.718 
Fresia et al. (2011) 
Mastrangelo et al. | Amazon Basin BR | mtDNA, SSR |H | 0.24(mtDNA) 
(2014) 0.099(SSR) 


Fresia et al. (2014) 


| Fresia et al. 


Mastrangelo et al. (2014) 


(2011) and | 


mtDNA - 


* Var., variability; H, high; M, moderate; L, low; Fsr, fixation index; SSR, microsatellites; mtDNA, 
mitochondrial DNA; Nuc, nuclear marker; AR, Argentina; BL, Belize; BR, Brazil; CO, Colombia; CB, 
Cuba; CR, Costa Rica; DR, Dominican Republic; EC, Ecuador; JM, Jamaica; MX, Mexico; PY, Paraguay; 
PE, Peru; TT, Trinidad and Tobago; UY, Uruguay; USA, United States of America; VE, Venezuela. 

* Value not statistically significant 
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Subsequently, polymerase chain reaction-restriction fragment length 
polymorphism (PCR-RFLP) analysis was used to characterize mtDNA variation in 
Caribbean, Central, and South American NWS fly populations (Taylor et al. 1996). 
Fourteen mtDNA haplotypes were observed among 18 flies, indicating high 
variability. These haplotypes, based on phenetic analysis, were divided into three 
discontinuous assemblages: “North and Central America”, “South America”, and 
“Jamaica”. Notably, the Cuban sample seemed to be more closely related to Central 
American populations, while Dominican Republic samples were grouped with those 
from South America, suggesting a scenario of multiple origins of the NWS fly 
throughout the Caribbean. 

The mtDNA variation was also investigated by PCR-RFLP in seven populations 
from Uruguay (Lyra et al. 2005). High genetic variability and no evidence of 
subpopulation differentiation were observed, indicating the existence of a single 
panmictic population. This lack of differentiation was attributed to the absence of 
geographic and/or climatic barriers and to the fact that Uruguay is almost at the 
southern extreme of the species’ distribution. These same populations from Uruguay 
were also investigated by Torres et al. (2007) using nuclear microsatellites. A 
moderate degree of polymorphism and an excess of observed homozygosity were 
found, which could have been caused by demographic changes in response to the 
decrease in temperature and humidity in the Uruguayan winter and/or persistent 
insecticide treatment. It is likely that the low population differentiation was caused by 
passive migration of larvae through the movement of infested animals, as well as by 
recent recolonization events. 

Microsatellite markers were also used to investigate ten populations from four 
Caribbean islands (Torres and Azeredo-Espin 2009) and, contrary to expectations, the 
level of genetic variability of some Caribbean populations was not lower than that of 
continental samples. In fact, moderate to high levels of genetic variability and a high 
level of population differentiation were found, even among populations within the 
same island. 

Despite small sample sizes, an analysis of nine populations from South America 
and the Caribbean islands found microsatellite differences between Jamaica and 
Trinidad and Tobago, and in relation to the mainland (Griffiths et al. 2009). Population 
structure in mainland South America was more difficult to describe, but some weak 
signals of structure were detected, suggesting that population differentiation may exist 
between NWS flies from at least some areas. 

McDonagh et al. (2009), utilizing the sequences of two mitochondrial (COI and 
12S) and one nuclear (EF1a) gene investigated the phylogenetic relationship of NWS 
fly populations from the Caribbean, South America, and Texas (“historical” North 
American samples). This study found that NWS fly populations of the Caribbean 
islands were structured and suggested a period of isolation and/or founder effects 
following colonization from South America. The data did not support a North 
American origin of the Cuban NWS population, as previously hypothesized by Taylor 
et al. (1996). The NWS samples from Texas were in a different lineage as compared 
with South American and Caribbean samples, indicating a possible north-south 
division. 
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Lyra et al. (2009) conducted the first study on a continental-scale that 
encompassed NWS fly populations covering its entire distribution area. Thirty-four 
populations from 10 South American and Caribbean countries were analysed using 
mitochondrial PCR-RFLP. Population structure with significant fixation indices and 
low variability were found in the Caribbean, indicating that island populations have 
been evolving independently due to geographic isolation, but are connected by 
restricted gene flow. In contrast, mainland populations presented high genetic 
variability and low differentiation, with no correlation of genetic and geographic 
distances. The moderate and non-homogeneous level of genetic differentiation of the 
NWS fly in its current distribution area, as well as its high genetic variability, was 
described as being the product of several historical demographic processes. 

In order to highlight and test the results obtained by Lyra et al. (2009), the same 
NWS fly samples and samples from four other populations were investigated using 
mtDNA sequences (Fresia et al. 2011). This study found that genetic diversity is 
distributed in four main groups of populations, corresponding to Cuba (CG), the 
Dominican Republic (DRG), and North and South Amazon regions (NAG and SAG, 
respectively). This phylogeographic structure of the NWS populations over its entire 
range was characterized by distinct historical events: 

1. Island colonization from the mainland (a North American and/or Central 
American colonization was suggested for Cuba, whereas the other Caribbean islands 
were colonized from South America). 

2. Recent separation of NAG and SAG probably associated to a barrier in the 
Amazon region resulting in separate populations in NAG and SAG. 

3. Population expansion that started ca. 20—25 000 years ago and that increased 
exponentially up to date; it was probably linked with climatic oscillations in the late 
Pleistocene and resource availability. The population expansion probably caused the 
low divergence detected within SAG, erasing genetic and geographic correlations 
even among distant populations (maximum distance of 10 000 km). 

In analysing mtDNA sequences from 60 populations (see Fig. 1), a north to south 
colonization was proposed for the continental Americas (Fresia et al. 2013). 
According to the best population divergence model chosen by Approximate Bayesian 
Computation (ABC), a first split occurred between North/Central American and South 
American populations at the end of the Last Glacial Maximum. A second split 
occurred between the North and South Amazonian populations in the transition 
between the Pleistocene and Holocene eras. The NWS fly went through a population 
expansion during its dispersal toward its current geographic range, with the strongest 
signals in SAG. This work concluded that climatic oscillations only were not 
sufficient to explain the phylogeographic patterns observed, and human activity might 
have played a crucial role in shaping the current distribution of the NWS fly. 

The most recent survey of genetic variability was conducted on under-explored 
NWS populations of the highly important region in Amazonia, in an attempt to better 
understand the NAG-SAG evolutionary relationships (Mastrangelo et al. 2014). Based 
on 3 mtDNA genes and 8 microsatellite loci, a high genetic diversity and 
differentiation was revealed among 9 populations. These Amazonian populations only 
share mtDNA haplotypes with SAG, suggesting that the NAG-SAG split is the result 
of a barrier north of the Amazon Basin rather than of the basin environment itself. 
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Finally, pairwise Fsr among South American NWS fly populations were mapped 
with a geographic information system (GIS) on a friction layer derived from the 
Maxent niche modelling in order to identify connection corridors between NAG and 
SAG (Fresia et al. 2014). Despite methodological limitations, it was possible to 
identify two strong connections between the populations of the NAG and SAG: one 
along the Atlantic Ocean passing through the northwest of Brazil and the other passing 
through Peru. The main limitations for this approach are the sampling strategy based 
mainly on larvae, because it does not capture with precision the adults' habitat, and 
the genetic distances estimation based only on mitochondrial DNA sequences. 


References of sampling locations: 
€ Mastrangelo et al (2014) 
9 Fresia et al (2011), Lyra et al (2009) - South America. 
9 Torres & Azeredo-Espin (2009), 
Fresia et al (2011), Lyra et al (2009) - Caribbean 
© Torres et al (2007), Lyra et al (2005), 
Fresia et al (2011), Lyra et al (2009) - Uruguay 
9 New samples being analyzed 


Figure 1. Consensus map showing sampled populations (coloured points), and current 
population structure scenario (the four main groups are highlighted in grey: Cuba, 
Dominican Republic, and North and South Amazon), and predicted connection corridors 
(dashed arrows) for NWS fly populations from the Caribbean and South America. 
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2.2. Consensus Scenario and Main Conclusions 


Synthesizing the results from the previous studies presented above, we established the 
distribution of genetic diversity and population structure of the NWS populations in 
the Caribbean and South America (Fig. 1). 

Caribbean populations are structured (Taylor et al. 1996; Griffiths et al. 2009; Lyra 
et al. 2009; McDonagh et al. 2009; Torres and Azeredo-Espin 2009; Fresia et al. 2011) 
and several events hypothetically resulted in their current distribution, such as Cuba 
having been originally colonized by North and/or Central American populations and 
the other Caribbean islands colonized by South American populations (Torres and 
Azeredo-Espin 2009; Fresia et al. 2011). However, the lack of congruence between 
nuclear (Torres and Azeredo-Espin 2009) and mtDNA (Lyra et al. 2009) genetic 
diversity in the Caribbean suggests a complex scenario of population structure. 

Unlike the Caribbean populations, South American patterns of genetic variability 
and structure are not completely clear, but, in general, populations present a high 
genetic variability and low differentiation with no correlation to geographic distance. 
There are two distinct genetic groups, NAG and SAG (Fresia et al. 2011), probably 
separated by a barrier in the north of the Amazon Basin (Mastrangelo et al. 2014) 
during the transition between the Pleistocene and Holocene eras (Fresia et al. 2013). 
Populations experienced an expansion during the north-south colonization, mainly 
SAG, which is probably the cause of its low genetic divergence. All these historical 
factors and climatic oscillations are important to explain the pattern observed in South 
America, but current factors may also be influencing it, such as livestock movement 
and human activity. 

Results of NWS phylogeography and population genetics studies can be of 
relevance to the operation of SIT programmes (Krafsur 1985). However, the 
significant genetic differences found in these studies do not result in mating 
incompatibility. Strains from three different locations in Brazil (1.e. Pará state, in the 
Amazon Basin; Piaui state, in the northeast; and Sao Paulo state, in the southeast) 
were crossed and showed no significant differences in all biological parameters 
assessed and no evidence of hybrid dysgenesis (Mastrangelo et al. 2014). Similarly, 
the crossing between a Brazilian strain from Goiás state in central Brazil, and the 
Jamaica-06 wt-strain, which is currently being mass-reared in Panama, did not show 
any evidence of genetic incompatibility or hybrid dysgenesis (Mastrangelo et al. 
2012). The absence of mating incompatibility indicates that sterile males from the 
Jamaica strain reared in Panama could be used in future SIT-based control 
programmes throughout Brazil and, possibly, South America. Target management 
units still need to be determined within the NAG and SAG large geographic 
distribution area and a better understanding of the distribution of genetic variability 
in Amazonia is required before considering starting an AW-IPM programme against 
NWS in these regions. Regional-scale studies in South America were conducted only 
in Uruguay, a region that coincides with the southern-most distribution of the species, 
and different degrees of population polymorphism and structure were reported (Lyra 
et al. 2005; Torres et al. 2007). These differences can be associated with the distinct 
molecular markers used (Table 1), as they present different modes of inheritance (the 
effective size of mtDNA populations is one-quarter the size of nuclear DNA ones) 
and/or mtDNA can present a sex-biased gene flow among the populations. 


312 L. W. BERGAMO ET AL. 


2.3. Perspectives 


In 2009, a study was carried out in a 100 x 60 km area situated at the Brazil-Uruguay 
border with samples collected during a pilot SIT project against the NWS (Pontes et 
al. 2009). The high genetic diversity and absence of population structure indicate that 
the target population limits are certainly larger than the pilot area, and consequently, 
the management unit should be larger than this pilot project. 

Population analyses can be further refined through the use of new and more genetic 
markers. To reach this goal, we standardized a Genotyping-By-Sequencing (GBS) 
protocol for the species and the sequencing ofthe first library, which contains samples 
from one Uruguayan population, resulting in approximately 1000 filtered single- 
nucleotide polymorphisms (SNPs). 

Another library is being constructed with individuals from the same population 
that were sampled one year later. After generating these data, we aim to evaluate if 
the obtained SNPs will give an increased resolution for temporal population genetic 
analyses in comparison to other molecular markers (mtDNA and microsatellites). 

Recently the evolutionary relationships and the phylogeographic structure of 
populations from the northwest of Brazil and Peru (i.e. the predicted corridor 
connecting NAG and SAG (Fresia et al. 2014)) were investigated using samples of 13 
NWS populations from Peru that were obtained with the assistance of the Servicio 
Nacional de Sanidad Agraria (SENASA) of Peru (Fig. 1), and three mitochondrial 
regions (COI, COII, and CR) are being sequenced. Preliminary results suggest the 
presence of genetically distinct groups with some geographic isolation, high haplotype 
diversity, low nucleotide diversity, and significant negative values of Tajima's D and 
Fu's Fs, indicating population expansion. 


3. INSECTICIDE RESISTANCE 
3.1. Investigation of the Molecular Basis of Resistance Mechanisms 


NWS fly management throughout South America is mostly carried out independently 
on each farm and the farmer decides on the used control strategy. Topical insecticide 
application on livestock is the most popular and effective suppression method, and 
two main classes of compounds are used, ie. organophosphates (OPs) and 
pyrethroids, which can be applied separately or in combination (Coronado and 
Kowalski 2009; SINDAN 2010). 

A decrease in carboxylesterase activity has been observed in OP resistant strains 
of some arthropod species (Van Asperen and Oppenoorth 1959; Towsend and Busvine 
1969; Hughes and Raftos 1985), that has resulted in the formulation of a mutant ali- 
esterase hypothesis. This suggests that a structural mutation in a carboxylesterase 
results in a reduced ability to hydrolyse aliphatic ester substrates, but also in an 
acquired ability to hydrolyse OP substrates (Claudianos et al. 1999). 
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In the Australian sheep blowfly, Lucilia cuprina (Wiedemann), which belongs to 
the same family Calliphoridae as the NWS fly, the LcaE7 gene encodes the ali- 
esterase E3 isozyme. Biochemical assays with proteins produced by different LcaE7 
alleles showed that an amino acid substitution at position 137 (Gly137Asp) abolished 
the ali-esterase activity and increased diethyl-OP hydrolase activity, while a second 
amino acid substitution (Trp251Leu) increased dimethyl-OP hydrolase activity 
(Campbell et al. 1998). These two amino acid substitutions confer insecticide 
resistance because they are part of the active site of the enzyme (Newcomb et al. 1997, 
Campbell et al. 1998). 

Based on these previous studies and in view that OPs are commonly used to 
suppress the NWS fly, the E3 gene in this species (ChaE7) was partially characterized 
(Carvalho et al. 2006, Carvalho et al. 2009). Mutations at the positions responsible for 
conferring OP resistance in L. cuprina (Gly137 and Trp251) were identified, but 
unlike with L. cuprina, NWS fly samples with a mutation in the Trp251 residue 
showed the substitution of a tryptophan for a serine. It is suggested that this new 
substitution has the same effect of reducing esterase activity (Taskin et al. 2004) and 
may also be involved in pyrethroid resistance and be the molecular basis of cross- 
resistance between OPs and pyrethroids (Heidari et al. 2005). The strong association 
between this mutation (Trp251Ser) and dimethyl-OP resistance was later confirmed 
(Carvalho et al. 2010a). 

Population genetic analyses assessed the selective pressures that have shaped 
carboxylesterase E3 evolution in NWS (Bergamo et al. 2015) and found a negative 
association between the Gly137Asp and Trp251Ser mutations. Fay & Wu’s H value 
was significantly negative for the exons in which these mutations occur, which 
suggests that the E3 gene has evolved under positive selection, which is indirect 
evidence of its role in insecticide resistance. 

This association between carboxylesterase E3 mutations and insecticide resistance 
were not directly proven by bioassays. Only the study involving bioassays by Silva 
and Azeredo-Espin (2009) indicated a correlation between the Trp251Ser mutation 
and moderate resistance to the pyrethroid cypermethrin. However, the high 
conservation of mutations in this gene among dipteran species suggests that the same 
resistance mechanism could have evolved in the NWS fly. Moreover, mutation- 
mediated resistance conferred by the E3 gene appears to be the main resistance 
mechanism selected in this species. 

Other mechanisms of insecticide resistance were also investigated for the NWS 
fly: point mutations in the sodium channel, known as “knockdown resistance” (kdr) 
(Silva and Azeredo-Espin 2009); point mutations in acetylcholinesterase (AChE) 
(Carvalho et al. 2010a, Silva et al. 2011); changes in the expression levels of 
glutathione S-transferases and cytochrome P450 monooxygenases (Carvalho et al. 
2010a); and glutamate-gated chloride channels (Lopes et al. 2014). However, no 
evidence of their association to insecticide resistance was detected. 
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3.2. Field Monitoring of Mutations in the Carboxylesterase E3 Gene Associated with 
Organophosphate Insecticide Resistance in South America 


In view of the mutations of the carboxylesterase E3 gene that were identified as an 
important insecticide resistance mechanism in the NWS fly, the characterization of 
this gene in natural populations of the species throughout its current geographic 
distribution area can be an important tool for area-wide monitoring of resistance to 
insecticides. This information can then be used to select and implement more effective 
pest management programmes. 

The Trp251Ser and Gly137Asp mutations were screened in ten NWS fly 
populations from Brazil, Colombia, Cuba, Paraguay, Uruguay and Venezuela (Silva 
and Azeredo-Espin 2009; Silva et al. 2011, respectively). Although sample size was 
small, with only one population from each country (except for Brazil), the Trp251Ser 
mutation was detected in all populations. In Brazil, allelic frequencies varied from 
15.6% to 46.7%. In Cuba, the frequency was 16.7%. In Uruguay, where the use of 
pyrethroids seems to be common, the frequency was 28.196, while the highest 
frequencies were found in Colombia and Venezuela (93.7% and 100%, respectively). 
The Gly137Asp mutation, however, was not detected in Colombia, Cuba, and 
Venezuela, although it was present in high frequencies in Brazilian and Uruguayan 
NWS populations. 

The changes in the frequency of both mutations in three different regions of 
Uruguay in two years (2003 and 2009) were investigated by Carvalho et al. (2010b). 
The NWS populations of the three regions showed high frequencies of mutated alleles, 
but whereas the frequency of the Gly137Asp mutation was reduced in 2009 as 
compared with 2003, the frequency of the Trp251Ser mutation was significantly 
higher in 2009. This change is probably associated with the current intense use of 
pyrethroids and dimethyl-OP compounds for NWS fly control in Uruguay. 

Analysis of the structure of 21 NWS populations in the SAG area showed three 
distinct population groups when considering the carboxylesterase E3 gene, with some 
differences related to both mutation frequencies (Bergamo et al. 2015). Resistant 
genotypes were observed in high frequencies in all sampled areas, but the frequency 
of the Trp251Ser and Gly137Asp mutations was higher at lower and higher latitudes. 

There is a need for further resistance monitoring studies that would cover the 
largest possible area of the current distribution of the NWS fly, in addition to studies 
that would measure changes in temporal frequencies of mutations associated with 
insecticide resistance. However, the studies presented above clearly indicate that 
insecticide resistance is widespread throughout studied South American NWS 
populations. 


3.3. Perspectives 


Frequencies of both mutations of the E3 gene associated with OP resistance are being 
monitored in strategic regions of South America that have not been analysed before. 
The first region of interest is Amazonia, whose NWS populations showed, based on 
our preliminary results, a considerable frequency of mutant individuals (24% and 16% 
of the Gly137Asp and Trp251Ser mutations, respectively). 
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The other important region that is currently being analysed for both E3 mutations 
is Peru, which is located along a putative connection corridor for the species (Fresia 
et al. 2014) and consequently can be a key region for the spread of resistance 
mutations among populations. 


4. CONCLUSIONS 


Identification of isolated populations or groups of populations is very important to 
determine target management units for effective AW-IPM programmes of the NWS 
fly in its current geographic distribution area. Many insights on genetic variability, 
population structure, and even migration patterns have been obtained, but, except for 
the Caribbean islands, the identified mainland areas (NAG and SAG regions) are very 
large and have no identifiable barriers that limit NWS dispersion. The identification 
of restricted areas and populations within NAG and SAG will be essential for the 
success of NWS area-wide programmes, both for managing the logistics of 
implementing the SIT and other suppression methods, and also for the economic 
implications. 

Furthermore, monitoring the spread of insecticide resistance among NWS fly 
natural populations is equally important, as the effective use of insecticides will be 
necessary for population suppression activities as part of future area-wide 
management programmes that integrate the SIT. However, already the current 
resistance scenario represents a significant challenge. 
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SUMMARY 


Located in South Florida, the Lee County Mosquito Control District (LCMCD) is the largest single county 
mosquito abatement programme in the USA based on sheer necessity to combat the extremely high 
populations of mosquitoes found naturally in the area. South Florida is one of the largest, flattest, wettest, 
subtropical areas on the planet, making it prime habitat to produce enormous numbers of mosquitoes. 
LCMCD operates independently an integrated mosquito management (IMM) programme, funded by local 
taxation, which effectively and responsibly controls mosquitoes minimizing risk to human health, while 
reducing the environmental footprint. LCMCD incorporates a broad-based approach of control measures 
ranging from physical or mechanical control, to biological control, larviciding, and adulticiding, as well as 
mosquito and arbovirus surveillance, public education, and comprehensive evaluation of products and 
techniques. LCMCD also strives to be at the forefront of advancing technologies, such as the Sterile Insect 
Technique (SIT) and unmanned aerial systems to assist with the implementation of ongoing suppression 
efforts. LCMCD continues to be a leader state- and nation-wide with a focus on sound and effective 
mosquito control for the citizens of Lee County, Florida since 1958. 


Key Words: Mosquito abatement programme, control district, integrated mosquito management (IMM), 
arbovirus surveillance, Aedes aegypti, Aedes albopictus, Aedes taeniorhynchus, Culex nigripalpus, Culex 
quinquefasciatus, Psorophora columbiae, Toxorhynchites rutilus rutilus, Gambusia holbrooki 


1. LEE COUNTY MOSQUITO CONTROL DISTRICT 


Mosquitoes have played a prominent role in Florida's history (Patterson 2004). The 
discovery that yellow fever, malaria, and dengue fever were mosquito-borne diseases 
prompted the formation of the Florida State Board of Health in 1889 and the 
establishment of the Florida Anti-Mosquito Association in 1922, followed shortly by 
legislation allowing the creation of mosquito control Special Taxing Districts 
(Connelly and Carlson 2009). 
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Lee County Mosquito Control District (LCMCD) was established as an 
independent taxing district in 1958 by an act of the Florida Legislature, and has been 
providing mosquito control services to the citizens of Lee County for over sixty years. 
Additionally, the Lee County Hyacinth Control District was formed by the Florida 
Legislature in 1961 to serve Lee County in controlling water hyacinth (Eichhornia 
crassipes), water lettuce (Pistia stratiotes), both mosquito-breeding plants, and other 
noxious aquatic weeds impeding navigation in the Caloosahatchee River and within 
other water bodies located in Lee County. 

Both the mosquito and hyacinth control districts are situated at the same physical 
location and governed by the same seven-member board of commissioners; 
commissioners are elected to serve a four-year term. Both independent districts collect 
ad valorem taxes needed to perform their respective control activities. LCMCD is 
governed according to the laws of Florida, Statue Chapter 388 and the rules of the 
Florida Department of Agricultural and Consumer Service Administration Code 
5E/13. Act 98-462, Laws of Florida, is the enabling legislation creating Lee County 
Hyacinth Control District. The districts are led by a single executive director. 

Lee County Mosquito Control District is the largest single county mosquito- 
abatement district of more than 700 districts and programmes in the USA, of which 
66 are in Florida (Challet 1994; McKenna 2016; Kerzee 2019). With an annual budget 
of ca. USD 24 million, LCMCD has remained at the forefront of mosquito control by 
helping to develop control technologies that are effective and sensitive to Florida's 
unique natural habitats and wildlife. Over 97 per cent of Lee County's mosquitoes are 
controlled by LCMCD, the rest are controlled by the Ft. Myers Beach Mosquito 
Control District, formed in 1949 by referendum election for the purpose of providing 
mosquito control for the town of Ft. Myers Beach. The creation of Ft. Myers Beach 
Mosquito Control District precedes the formation of LCMCD by nine years. 

Lee County, Florida is located in the south-eastern USA on the south-western 
coast of Florida (Fig. 1). Bordered by the Gulf of Mexico on the west, Charlotte 
County to the north and Collier County to the south. Lee County is known for its 
popular white sandy beaches and its large estuary habitat at the base of the 
Caloosahatchee River. With over 56 000 acres (22 662 ha) of salt marsh mangrove 
habitat and several large, populated barrier islands, Lee County is unique in the scale 
of mosquito breeding habitats that are in close proximity to urbanized environments. 


1.1. Conservation and Land Management Agencies 


As concern for conservation increases, a large portion of land in Lee County is 
protected by various land management agencies, such as the Florida Department of 
Environmental Protection (FDEP), the Florida Fish and Wildlife Conservation 
Commission (FFWCC), the U.S. Fish and Wildlife Service (USFWS), and the 
Environmental Protection Agency (US-EPA) (Connelly and Carlson 2009). LCMCD 
collaborates with several local, state, and federal land managers to conduct mosquito 
abatement activities on these lands (Fig. 2). Due to the biodiversity and individual 
geographic challenges, many of these lands have their own individual management 
requirements and restrictions pertaining to mosquito abatement (Batzer and Resh 
1992). 
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To better work together towards a common goal, LCMCD holds annual meetings 
each spring with all land managing agencies to discuss any issues brought forth from 
the previous year. During this time, future projects and operations are discussed as a 
way to develop future operations and build working relationships between agencies 
and LCMCD. 


Figure 1. Map showing the location of Lee County in south-western Florida, USA. 


1.2. Public Education 


As Lee County is one of the counties with the fastest growing human population in 
the USA, LCMCD dedicates significant resources to educate the public concerning 
the importance of a strong mosquito abatement programme and why it 1s needed to 
live comfortably in south-western Florida. LCMCD believes in strong community 
engagement and participates in public outreach events throughout the year. 

LCMCD also aims to produce a more informed community through a hands-on 
approach by collaborating with the local Lee County School District and employing 
a team of licensed educators. LCMCD has developed a unique working relationship 
with the local school district to fund licensed teachers that offer courses in the school 
district classrooms across the county teaching mosquito biology and mosquito control 
essentials to students from kindergarten through high school. All curricula follow the 
most current standards put forward by the state of Florida and engages students in real 
world science focused on mosquito control. This instrumental programme gets 
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students excited about science at an early age. LCMCD teachers developed 
coursework that incorporates biology, ecology, and chemistry with mosquito control, 
helping the students recognize the science behind what it takes to control mosquitoes. 
The result is an educated Lee County population, knowledgeable of mosquito control, 
understanding of why operations occur, the environmental protections in place and 
judicious use of insecticides. 


Figure 2. Map of land managing partners in Lee County, Florida. Red represents FDEP 
lands, blue represents USFWS lands, and yellow represents FFWCC lands. 


1.3. Primary Mosquito Species 


The black salt marsh mosquito, Aedes taeniorhynchus (Wiedemann) (Agramonte and 
Connelly 2014), reproduces in extremely high numbers in the 56 000 acres of 
protected salt marsh within LCMCD (Fig. 3). The aquatic habitat for this species is 
vast and covers a significant portion of LCMCD’s 450 000 acres (1821 km?). This 
species is known to oviposit up to 45 000 eggs per square foot (0.1 m?) (Provost 1969) 
andis capable of autogeny, the ability to lay an initial batch of eggs without the benefit 
of a blood meal, believed to be a survival mechanism when hosts are scarce. After 
developing into adults, Ae. taeniorhynchus fly from 20 to 30 miles (32.2 to 48.3 km) 
in search of a blood meal. It is an aggressive biter and is a major pest along the coastal 
areas of LCMCD, primary being a nuisance biter and a vector of dog heartworm 
(Dirofilaria immitis Leidy) (Nayar and Connelly 2017), as well as a potential vector 
for eastern equine encephalitis (EEE) (Agramonte and Connelly 2014). 
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High tides that flood coastal marsh areas and summer rains cause explosive 
production of these Ae. taeniorhynchus mosquitoes. With a potential of 2 billion eggs 
per acre (0.4 ha), managing this mosquito on an area-wide basis over the large salt 
marsh surfaces is of great importance. 


Figure 3. Inspector, Sean Christman, searches for Ae. taeniorhynchus larvae in salt marsh 
habitat. 


Culex nigripalpus Theobald is a freshwater species with larvae found in roadside 
ditches, retention/detention ponds, agricultural fields and flooded areas (Day 2017). 
These sites develop more decomposing organic material later in the rainy season that 
become increasingly attractive to these mosquitoes. This species is responsible for the 
transmission of Saint Louis encephalitis and West Nile virus (Day and Curtis 1999). 
Cx. nigripalpus is a major health threat to residents of LCMCD and is a priority for 
control. 

Culex quinquefasciatus Say, the southern house mosquito, is a freshwater species 
most notable for their association with residential habitats and can be readily found in 
Lee County (CABI 2019). Similar to Cx. nigripalpus, this species can be found in 
roadside ditches as well as storm drains, containers, and other sites with high organic 
matter. In contrast to Cx. nigripalpus, the larvae of this species are able to survive in 
waters with higher levels of pollution. Cx. quinquefasciatus is the primary vector for 
St. Louis encephalitis virus throughout the southern USA as well as a potential vector 
for West Nile virus (Hill and Connelly 2009). 
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Aedes aegypti (L.), the yellow fever mosquito, is a dusk and dawn biting species, 
which can also be found biting during the daytime in the shade. This species is closely 
associated with natural and artificial containers (Zettel and Kaufman 2019). Females 
have a relatively short flight range (100-500 m) (McDonald 1977; Muir and Kay 
1998) and are typically found close to a nearby water source. This species is 
responsible for the transmission of several disease agents such as yellow fever, 
dengue, chikungunya and Zika viruses. Ae. aegypti is a health threat to residents of 
LCMCD and is a priority for control. 

Psorophora columbiae (Dyar & Knab) is a pestiferous freshwater species (Bibbs 
et al. 2019). It is found extensively throughout the county in roadside ditches, 
retention/detention ponds, irrigated agricultural fields, pastures, and low-lying areas 
that regularly flood, both within and surrounding LCMCD. A floodwater mosquito, it 
is produced in large numbers as water levels rise and low areas flood during the rainy 
season and is a major nuisance in the inland areas of LCMCD. 

Other nuisance species that sometimes occur in high numbers include Psorophora 
ferox Humboldt, Ps. ciliata Fabricius, Anopheles quadrimaculatus Say, An. atropos 
Dyar & Knab, An. cruicians, Mansonia titillans (Walker) Mn. dyari Belkin, 
Heinemann & Page, Aedes albopictus (Skuse), and others. 


1.4. Weather 


Lee County has a subtropical climate, distinguished by warm humid weather year- 
round, with minimal temperature differences between seasons. Mosquito production 
in southern Florida is dependent on the presence of standing water throughout the 
year. Even during the dry winter season, temperatures are rarely sustained low enough 
to prevent larval development or cause mortality in adults. Seasonal summer rains 
begin in May or June in south-western Florida and continue through September or 
October. While the average annual rainfall per year is 53 inches (1.35 m), this amount 
can be exceptionally variable, especially after hurricanes or tropical storms, and 
contributes to mosquito production year-round. Rainfall totals and tidal activity are 
monitored all year with increased monitoring throughout the summer months. 


2. SURVEILLANCE 
2.1. Population Surveillance 


Due to south-western Florida's subtropical climate and mild winters, mosquito 
surveillance is conducted year-round with increased mosquito collections in the 
summer months. To address the over 45 mosquito species present in Lee county, an 
illustration of the nuisance problem being faced, LCMCD deploys multiple trap 
systems that include eighteen Centers for Disease Control and Prevention (CDC) light 
traps (Kline 2006; AMCA 2017), seven Biogents BG-Sentinel traps (Regensburg, 
Germany) (Rose et al. 2006; AMCA 2017), and 6 trap trucks (Fig. 4) to survey 54 
pre-determined routes for collecting mosquitoes in flight. CDC and BGS traps are set 
on a weekly basis, while the trap trucks operate across the county every night from 
early May through 30 October. 
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CDC light traps are baited with carbon dioxide in the form of dry ice blocks and 
set for two trap nights/week. Trap collections are identified the following morning. 
BGS traps are utilized in urban/suburban areas once per week for Ae. aegypti and Ae. 
albopictus surveillance. Along with carbon dioxide, these traps are baited with octenol 
lures, as well as proprietary BG-lures. BGS traps are very effective in collecting these 
day-biting mosquitoes. 

LCMCD conducts a one-step, Triplex Real-Time PCR (polymerase chain 
reaction) assay on Ae. aegypti and Ae. albopictus mosquitoes collected in the weekly 
BGS trappings. Collected mosquitoes are tested biweekly for the presence of dengue 
virus, chikungunya virus, and Zika virus. 


Figure 4. Trap truck for collecting mosquitoes in flight along pre-determined routes. 


Between the months of May and October, LCMCD operates an extensive trap 
truck programme. An LCMCD trap truck consists of a large conical shaped collection 
screen (7 feet (2.13 m) wide by 2.5 feet (0.76 m) tall) affixed atop a vehicle (Fig. 4). 
The trap body measures 11 feet (3.35 m) long and tapers rearward to a 6 by 6-inch (15 
by 15 cm) outlet at the rear of the vehicle. At the start of each predetermined route, a 
collection bag is secured over the collection screen outlets. Routes are driven at a 
speed of 20 miles (32.2 km) per hour for a three-mile (4.8 km) run and bags collected 
immediately after finishing. Rainfall gauges are stationed at the beginning and ending 
locations of each route, providing additional precipitation data important to mosquito 
production. 


2.2. Arbovirus Surveillance 


LCMCD maintains 16 sentinel chicken coops stationed around the county for the 
purpose of monitoring arbovirus transmission (Fig. 5). Six birds are kept at each 
location with blood samples taken once every two weeks and sent to the Florida 
Department of Health Laboratory in Tampa for analysis. 
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Figure 5. Sentinel chicken coop on location. 


Blood is collected over the course of two days and processed in the LCMCD 
laboratory prior to shipping to the state laboratory. Half of each processed blood 
sample is reserved for in-house ELISA testing separate from the state laboratory. 
Testing samples independently allows for a quicker turnaround time for operational 
response if a location indicates the presence of an arbovirus. However, the samples 
sent to the state laboratory are considered the official record of arbovirus detection for 
the state. 


2.3. Landing Rates 


Landing rates are an effective and quick tool to determine the scale of a mosquito 
problem in a specific area (Connelly and Carlson 2009; AMCA 2017). Measuring 
landing rates involves an inspector visiting a citizen complaint location and counting 
the number of host-seeking adult mosquitoes within a sixty-second period. This 
relativity simple technique allows for a good understanding of mosquito bite pressure 
in an area. The landing rate surveillance method allows a single inspector to cover a 
larger geographic area more efficiently than setting collection traps overnight. 


2.4. Service Request Calls 


Concerned citizens are encouraged to call our office and enter a request for service if 
they are experiencing a mosquito problem at their residence. LCMCD logs all of the 
calls into our database and uses them as another form of surveillance. Citizens are also 
able to enter a request through our website (LCMCD 2019) rather than calling directly 
if they prefer. By mapping the callers address into our geographic information system- 
based data management programme, LCMCD is able to use these requests as a way 
to view problematic areas and dispatch inspectors accordingly. 


LEE COUNTY FLORIDA MOSQUITO CONTROL DISTRICT 327 


Inspectors responding to individual calls make every effort to meet with the callers 
directly and search for mosquito problems on their property. If mosquito breeding is 
found, the inspectors take the time to educate the homeowner on proactive steps they 
can take to limit future problems. Inspectors log their findings on laptop computers 
before moving onto the next site. Service request calls sometimes identify areas 
needing treatment. 


2.5. Field Validation 


Field validation at LCMCD is a comprehensive programme designed to evaluate new 
products and technologies, monitor for the development of insecticide resistance and 
conduct droplet size characterization on all adulticiding equipment used. The field 
validation programme also maintains laboratory colonies of four different mosquitoes 
to include the locally pestiferous or disease vectoring species of Ae. taeniorhynchus, 
Cx. quinquefasciatus, Ae. albopictus, and Ae. aegypti. 

In addition, the field validation programme maintains colonies of the predatory 
mosquito Toxorhynchites rutilus rutilus (Coquillett) and the predatory mosquito fish 
Gambusia holbrooki Girard that are used for biological control of larval mosquitoes; 
it also oversees the releases of these predators. 

LCMCD conducts bioassays on both larval and adult mosquitoes to evaluate 
product efficacy in controlling local mosquito populations. Products used to control 
adult mosquitoes are evaluated using the CDC bottle bioassay protocol (Connelly and 
Carlson 2009). Products used to control larval mosquitoes are evaluated using a serial 
dilution larval assay (WHO 2016). Laboratory colony susceptibilities are compared 
against results of wild mosquitoes to establish a control baseline. 

The field validation programme is responsible for conducting droplet 
characterization on all adulticiding spray systems annually to ensure equipment is in 
proper working order prior to use. Droplet characterization is conducted using one 
inch (2.54 cm) and three-millimetre Teflon-coated slides to capture droplets for 
analysis. Using automated computer software, the slides are analysed under a 
compound microscope to determine droplet Volume Median Diameter (VMD) 
(Connelly and Carlson 2009). Droplet sizes must fall within an acceptable range as 
determined by product label and approved by EPA. Droplet characterization is 
conducted any time an adulticiding spray system is altered with a minimum of once 
per year to ensure the equipment is working properly before use. 

Additionally, the field validation programme evaluates new products prior to their 
incorporation into field operations. New product formulations are first evaluated 
under laboratory conditions to establish the appropriate application rate under ideal 
conditions. Products with favourable laboratory results are then applied in small-scale 
field sites for possible operational selection. During these trials, products are 
monitored for efficacy, duration, and any potential adverse effects to local non-target 
species. These trials are crucial to determine how a product is going to work under 
local conditions prior to their implementation as part of the LCMCD treatment 
programme. 
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3. BIOLOGICAL CONTROL 


Biological control is a vital component of an integrated mosquito management (IMM) 
programme of any size. Therefore, LCMCD also incorporates biological methods for 
mosquito control to minimize the use of insecticides. LCMCD accomplishes this by 
introducing the predatory native mosquito fish (G. holbrooki) into mosquito breeding 
areas (Cassiano et al. 2018) and releasing the predatory mosquito 7x. rutilus rutilus 
(Focks et al. 1980). 

In addition, mosquito ditches were installed throughout the 1960s as a form of 
water management that provides access of natural predators into mosquito breeding 
habit during times of high tides (Fig. 6). When water levels rise during a high tide, 
these ditches can introduce juvenile fish species into areas that otherwise would have 
been inaccessible. As water levels recede these species make their way back to the 
safety of the ditches. 

LCMCD has a mosquito fish programme designed to raise native G. holbrooki for 
release into problematic areas (Fig. 7). In 2019, LCMCD released around one 
thousand fish into various sites with the goal of natural larval suppression. Gambusia 
is a native freshwater genus of fish that are ferocious predators of mosquito larvae. 
Often, once this species establishes breeding populations in a body of water, they will 
suppress mosquito larvae to levels where insecticides are no longer needed. 


Figure 6. Network of mosquito ditches on Pine Island, Florida. Darker green foliage shows 
area where ditches are present. 


LCMCD also maintains a colonized population of 7x. rutilus rutilus for the 
purpose of biological control. Native to south-western Florida, these beneficial 
mosquitoes are predatory on other mosquito larvae and adults do not require a blood 
meal for reproduction (Focks et al. 1980). By introducing these beneficial mosquitoes 
into isolated habitats, such as abandoned properties and cemeteries, the goal is to 
promote the natural suppression of sanguivorous mosquito species. 
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Figure 7. Biologist, Kara Tyler-Julian, tends to Gambusia fish rearing tanks. 


4. MOSQUITO BREEDING SOURCE REDUCTION 


Source reduction is an important component of an IMM programme. LCMCD 
inspectors work in the field everyday surveying for larvae. When appropriate, all 
known larval sources are inspected to determine if the breeding site can be reduced or 
eliminated before considering chemical and biological treatment methods. This can 
include, but is not limited to, filling-in tree holes, dumping buckets/containers, 
removing waste that holds water, drilling holes to drain containers, placing screen 
covers over rain barrels, etc. 

Shortly after LCMCD was established in 1958, crews began work installing 
mosquito drainage ditches across much of its salt marsh habitat. Digging was 
accomplished via dragline machinery to depths of five by six feet (1.52 by 1.83 m) 
wide. By the early 1970s, LCMCD had installed a complex network of canals through 
much of its problematic coastal areas with the purpose of removing water from the 
marsh during periods of low tide. By allowing water a place to recede naturally, it 
limits mosquito breeding habitat and greatly reduces the amount of pesticide needed 
for control. Although these ditches were installed up to sixty years ago, they continue 
to function as designed and remain a valuable mosquito control tool in Lee County 
(Fig. 8). 
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Figure 8. Mosquito ditch on Pine Island, Florida. 


LCMCD continues to implement manual control methods in areas where 
applicable. Recently, LCMCD collaborated with the National Wildlife Refuge 
(NWR) of the USFWS to control mosquitoes on a remote island used as an active 
rookery for several species of shore birds. A depression in the interior of the island 
would fill with water in the summer months and breed Ae. taeniorhynchus 
mosquitoes. Due to the sensitive nature of nesting birds, getting access to inspect and 
treat the island was virtually impossible. In 2017, crews from the NWR and LCMCD 
met at the remote island and hand dug a ditch from the exterior of the island towards 
the problematic interior. In a couple of hours, a mosquito ditch was installed that 
drained the stagnant water from the interior of the island. During a high tide, the ditch 
can introduce natural predators such as fish and other macroinvertebrates into the 
ecosystem. As the tide retreats, the natural predators leave the island along with the 
water and mosquito larvae, virtually eliminating mosquitoes naturally. 


5. LARVAL MOSQUITO CONTROL 
5.1. Ground Larviciding 


The ground larviciding programme at LCMCD focuses mainly on inland roadside 
ditches and residential neighbourhoods. Although some areas are affected by tidal 
fluctuations, most of ground larviciding is conducted in response to rainfall events for 
freshwater mosquito species. Ground larviciding crews survey areas of recent rainfall 
and treat with a variety of methods including a truck-mounted spray system, handheld 
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equipment (backpack unit or squirt bottle) or single use treatment items (water-soluble 
pouches or briquette-formulated larvicides). 

Vehicle-mounted spray systems (Fig. 9) primarily utilize products with the active 
ingredient temephos for larval control. 


Figure 9. Vehicles used for ground larviciding. 


Products dispensed with handheld equipment ranges widely depending on the 
situation, but mostly consists of monomolecular films, larviciding oils, and 
Lysinibacillus (Bacillus) sphaericus. Various formulations of L. sphaericus, spinosad, 
and methoprene products are available for single use treatment items ranging from 30 
to 150 days of residual control and are used to treat more permanent bodies of water 
that will be problematic throughout the season. Bacillus thuringiensis is seldom used 
in ground larviciding operations, but it is commonly used in aerial larviciding 
operations at LCMCD. 

All ground larviciding vehicles are equipped with a Global Positioning System 
(GPS) monitoring device to record vehicle location and speed. This system also 
records the activity of the vehicle-mounted spray system. All inspection and treatment 
information is recorded by the technician onsite with a laptop computer. 

In the dry season, ground larviciding crews continue to survey for mosquitoes 
often found in breeding sites such as containers, tyres, and neighbourhood drainage 
basins. Without the consistent summer afternoon rains to flush these habitats, Culex 
species become established and cause problems for nearby residences. Consistent 
surveillance and treatment are critical to control mosquitoes in urbanized ecosystems. 

To address more cryptic mosquito habitats with limited inspector access, LCMCD 
uses a truck-mounted A1 mist sprayer (A1 Mist Sprayers Resources, Inc., Ponca, 
Nebraska, USA). By driving residential roadways in the evening hours, this unit treats 
for mosquito larvae by blowing small droplets of liquid larvicide upwards of 50 feet 
(15.24 m) into the air enabling it to drift into residential areas that would otherwise be 
difficult to access. LCMCD has integrated this technique as a way to efficiently treat 
for mosquito larvae that otherwise would require a team of individuals going door-to- 
door to inspect and treat cryptic breeding sites in areas that may have limited access. 
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5.2. Aerial Larviciding 


Impoundments are areas of salt marsh surrounded by a dike to allow control of water 
levels for mosquito control, thereby negatively affecting wetland function and 
vegetation (Rey and Rutledge 2006). Even though Lee County is unique in having 
over 56 000 acres of mangrove salt marsh habitat, little of it is managed through the 
use of impoundments, as is more common in other parts of the state. This habitat 1s 
home to several species of mosquitoes, most notably Ae. taeniorhynchus. This species 
is a ferocious biter and a prolific breeder with an extensive flight range that extends 
across the county (Provost 1952; Elmore Jr. and Schoof 1963). To best target these 
mosquitoes, LCMCD operates a robust aerial larviciding programme aimed at 
controlling these mosquitoes at their source while in their juvenile life stage. 
LCMCD owns and operates a fleet of six Airbus (Herndon, Virginia, USA) H125 
helicopters for the purpose of accessing and treating remote breeding sites (Fig. 10). 
LCMCD biologists constantly monitor salt marsh habitat for rainfall and tidal 
fluctuations throughout the year. Following a high tide or rain event, biologists fly to 
remote landing sites to inspect the new water for the presence of newly hatched 
juvenile mosquitoes. They will take various water samples around a geographic area 
and check for the presence of mosquito larvae. If larval densities exceed individual 
site thresholds, biologists record inspection data and schedule the area for treatment. 


Figure 10. LCMCD Inspector searching for mosquito larvae in salt marsh habitat. 


LEE COUNTY FLORIDA MOSQUITO CONTROL DISTRICT 333 


Treatments are conducted once the biologists are able to develop a site-specific 
treatment plan, often as soon as that same day. LCMCD also owns eight remote 
heliport locations along the western edge of the county bordering salt marsh habitat. 
These locations serve as secure outpost facilities to refuel and reload products onto 
helicopters in areas closest to treatment sites. Computers equipped at these locations 
give biologists the ability to develop treatment plans on site without the need to return 
to LCMCD. Depending on site-specific needs, a variety of products are available for 
use, including temephos, B. thuringiensis israelensis, L. sphaericus, spinosad, 
methoprene, and larviciding oil. Product formulations also range from liquid to 
granular formulations as well as single use products providing 30-day residual control. 

All helicopters are equipped with an on-board computer to control the helicopters’ 
spray system. This system works harmoniously to upload the individualized treatment 
polygons with spraying turning on when the helicopter flies into the targeted polygon. 
Once the pilot exits the pre-programmed treatment zone, the spray system turns off. 
This GIS-based system operates with pinpoint accuracy that increases pilot safety by 
simplifying inflight procedures and prevents spraying of off-target sites, saving 
insecticide and money. 

Following a treatment, biologists will return to their inspection site to complete a 
post-treatment inspection. All inspection data are recorded onsite at time of collection 
with a custom iPhone application. Once synchronised, all data are available for 
viewing at the office and are recorded in an organized format. All treatment data are 
captured by the system's on-board computer and are available for viewing post- 
treatment in a similar fashion. 


6. ADULT MOSQUITO CONTROL 
6.1. Ground Adulticiding 


LCMCD operates 13 vehicles equipped with ultra-low volume (ULV) spray systems 
used to target adult mosquitoes in and around neighbourhoods (Fig. 11). Ground 
adulticiding missions are conducted between sunset and 02:00 to target flying 
mosquitoes when they are most active. Formulated products are applied without 
dilution or mixing, and equipment is calibrated to treat a 300-feet (91.4 m) swath at a 
speed of 10 miles (16.1 km) per hour. A variable flow spray system is equipped to 
keep the targeted application rate even when the vehicle speed increases or decreases 
from the 10 miles per hour targeted spray rate. As the vehicle changes speed, within 
a range of 2-20 miles (3.2-32.2 km) per hour, the appropriate amount of product is 
dispensed according to label directions. When the vehicle speed surpasses 20 miles 
per hour, the spray system shuts off preventing spray. 
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Figure 11. Ground adulticiding vehicles with rear-mounted ULV machine. 


The vehicle's spray system is operated remotely from inside the cab of the vehicle 
with a handheld controller. This design prevents the driver from coming into contact 
with chemicals during spray operations and limits exposure. The spray system also 
records various parameters throughout the evening such as vehicle speed, vehicle 
location, spray activity, miles sprayed, acres treated, and total chemical dispensed. 
Chemical usage information is compared each morning to the amount recorded by the 
driver at the start and end of their shift to ensure proper calibration. 

Small isolated locations that are not large enough to warrant a ULV truck 
application are easily treated with small handheld ULV sprayers. These units are 
typically reserved for areas with easy access that can be walked by a technician. 
Common treatment sites for such handheld applications include used tyre shops or 
dumps targeting Ae. aegypti and small natural areas targeting freshly emerged Ae. 
taeniorhynchus to prevent dispersal. 


6.2. Aerial Adulticiding 


The aerial adulticiding operations in Lee County is an important programme designed 
to efficiently control biting mosquitoes across large geographic areas. LCMCD owns 
and operates a fleet of eight fixed-wing airplanes outfitted with spray equipment 
designed to target flying adult mosquitoes (Fig. 12). Adulticiding missions are 
conducted at night between the hours of 21:00 and 02:00 when night-active 
mosquitoes are typically most active. Applications are made at an altitude of 350 feet 
(107 m) above ground level and pilots are equipped with night vision goggles for 
maximum visibility. 
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Figure 12. Douglas DC3-TP with four 50-gallon chemical tanks used for aerial adulticiding. 


Similar to the LCMCD aerial larviciding system, the adulticiding spray system 1s 
controlled via an on-board computer with a pre-programmed mission. Once pilots 
arrive on-site the spray system is automatically turned on and remains spraying until 
the pilot exits the treatment area. This automation increases precision of the 
application and enhances pilot safety when flying in such an unconventional manner. 
Depending on how large the problematic area 1s, treatments sites can be as large as 
23 000 acres per mission per aircraft. Flights typically occur at 130 or 150 knots, 
depending on aircraft type and chemical flow rate. 

LCMCD primarily utilizes naled and malathion for aerial adulticiding. Products 
are dispensed with a high-pressure nozzle system or with a rotary atomizer at a rate 
of 0.5 oz/acre, 0.66 oz/acre, or 1.5 oz/acre depending on the pesticide used and the 
targeted mosquito species. LCMCD does not utilize set treatment frequencies for 
scheduling treatments of any kind, but rather relies entirely on surveillance data to 
determine 1f treatments are warranted. Each surveillance method has an associated 
treatment threshold that must be met based on inspection type and location baselines. 

For an aerial adulticiding treatment to be conducted, surveillance data are 
evaluated first and considered prior to scheduling. Surveillance methods include 
landing rate counts, truck trap collections, spray zone thresholds (that were obtained 
over many years of trap data), arbovirus detection in sentinel chicken flocks, and 
mosquito trapping results. If criteria mandated by the state of Florida are met and a 
wide-scale problem is determined, an aerial adulticiding application is scheduled as 
early as that same night. 
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7. NOVEL TECHNIQUES 


It is essential to keep up with evolving mosquito populations, increasingly 
sophisticated control technologies, climate change, a constantly increasing human 
population density, and increases in exotic disease agents and vector invasions. As 
such, a programme can fall behind and become less efficient than it once was 1f these 
changes are not taken into account. To best combat these dynamic circumstances, 
LCMCD is committed to staying abreast of new technology and the advancement of 
various control measures. 

Applying sterilisation techniques for the control of insect populations is not a new 
concept, however the application of it on mosquitoes is an emerging field (Lees et al. 
2021; Baton et al., this volume). The Sterile Insect Technique (SIT) was first utilized 
in the late 1950s to successfully control the screwworm fly (Cochliomyia hominivorax 
Coquerel) on the isolated habitat of Sanibel Island in Lee County, Florida (Bushland 
and Hopkins 1953; Bushland 1960). Since the first trial on Sanibel Island, the SIT has 
been employed to effectively suppress, contain and eradicate a variety of medically- 
and agriculturally-important insects (Dyck et al. 2021). 

LCMCD is currently in the process of establishing the first SIT programme for Ae. 
aegypti solely operated by a mosquito control district in the state of Florida. This novel 
programme aims to reduce Ae. aegypti in Lee County using X-ray irradiation for 
sterilisation. To accomplish this, LCMCD will be mass-rearing locally collected 
populations of Ae. aegypti, irradiating the mosquitoes using X-rays, and releasing the 
sterilized male adults on an area-wide basis into the field to breed with wild female 
populations. The goal of this programme is to become a valuable complement to 
traditional mosquito control techniques in the fight to prevent the spread of diseases 
such as Zika, dengue, yellow fever, and chikungunya, which are transmitted via the 
bite of the Ae. aegypti mosquito. 

LCMCD is also interested in using more conventional technology in innovative 
ways to improve operations. Unmanned aerial systems (UAS) technology has been 
available to the commercial market for several years now and is utilized primarily for 
their photographic abilities. LCMCD owns two UAS for the purpose of aiding in 
inspections of mosquito breeding habitat and have recently purchased one UAS 
capable of carrying and spraying a payload of insecticide. As the rules and regulations 
surrounding UAS continue to evolve (Benavente et al., this volume), LCMCD plans 
on being there along the way to incorporate these new technologies into the mosquito 
control industry as a part of its commitment to protect the health of the citizens of Lee 
County. 


8. CONCLUSIONS 


LCMCD operates a comprehensive IMM programme in an effort to provide the most 
effective mosquito abatement possible for the citizens of Lee County. As with any 
IMM programme, the efficient integration of all methods together achieves the most 
advantageous results. 


LEE COUNTY FLORIDA MOSQUITO CONTROL DISTRICT 337 


The larviciding programme, aimed at suppressing mosquitoes in their juvenile life 
stage, offers the most efficient means of control by targeting mosquitoes when they 
are at their most concentrated state of development and unable to bite. Source 
reduction and biological control measures, although varying differently in application, 
offer a natural and potentially longer duration of control than insecticides. 

A strong adulticiding programme plays a vital role in suppressing the biting 
pressure on the local population and interrupts the disease transmission in the event 
of an arbovirus outbreak. 

The implementation of novel control measures, such as the SIT, complement 
conventional control methods to aid in the control of disease vectoring agents. All of 
these methods offer specific advantages, however, if utilized on their own they would 
prove wildly inadequate. The harmonious integration of all control measures is best 
supported with a backbone of strong surveillance and a well-educated staff to oversee 
its implementation. 
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SUMMARY 


Mosquito-borne diseases are among the most significant challenges facing societies around the world. In 
Brazil, current official epidemiological reports show increasing numbers of cases of mosquito-borne 
diseases, such as chikungunya, dengue, yellow fever and Zika, which are spreading to new areas of the 
country. Therefore, it can be stated that current methods used for the management of mosquito vectors in 
Brazil, established since 2002, have been ineffective. Thus, there is a necessity for readjustment or 
updating of the Aedes aegypti control programmes that are being applied in Brazil. As recommended by 
the World Health Organization (WHO), the best way to combat these pathogen vectors is an integrated 
approach where several convenient and compatible control techniques are combined to efficiently reduce 
or potentially eliminate a targeted insect vector population. In this manuscript, we updated a review 
published in 2015 by the same authors about Aedes control programmes in Brazil showing their basic 
concept and the principal components of Aedes integrated control programmes. Strategies such as public 
education, community engagement and responsibility; mechanical elimination of mosquito breeding 
habitats; the use of larvicides and adulticides; massive collection of eggs and adults using traps; and the 
reduction in the vector population through the promotion of sterility of mosquitoes by ionizing radiation, 
use of symbiont bacteria such as Wolbachia, or genetic modification, are discussed. The Brazilian 
experience to test and evaluate some of these technologies is described and compared with strategies to 
prevent and manage mosquito populations in other countries. It is concluded that there are new control 
methods that can be integrated on an area-wide basis to suppress mosquito populations successfully. 
Nevertheless, epidemiological studies are also needed to evaluate their impact on disease transmission, in 
addition to the proof-of-concept that they suppress mosquito populations. 


Key Words: Mosquito control methods, community engagement, Projeto Aedes Transgénico, population 
suppression, integrated vector management (IVM), genetically modified mosquitoes, vector-borne 
diseases, Plano Nacional de Controle da Dengue (PNCD) 
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1. INTRODUCTION 
1.1. Aedes aegypti Primary Vector of Arboviruses 


Aedes aegypti (L.), the yellow fever mosquito, is the primary mosquito vector of 
various arboviruses such as yellow fever (YFV; genus Flavivirus), dengue (DENV; 
genus Flavivirus), Zika (ZIKV; genus Flavivirus) and chikungunya (CHIKV, genus 
Alphavirus). 

Yellow fever is endemic in tropical areas of Africa, as well as Central and South 
America. Symptoms include fever, headache, jaundice (origin of the name *yellow" 
fever), muscle pain, nausea, vomiting, and fatigue. A small proportion of patients 
develop severe symptoms and approximately half of those die within 7 - 10 days 
(WHO 2018). 

Dengue is endemic in more than 100 countries and is one of the most serious 
public health problems in the world. Clinical manifestations of dengue virus infection 
include high fever (40°C) that can be accompanied by severe headache, pain behind 
the eyes, muscle and joint pains, nausea, vomiting, swollen glands or rash. It 1s 
estimated that worldwide, about 40% (2500 million people) of the human population 
is at risk of contracting dengue fever, and about 390 million people are each year 
becoming infected with the disease. In 2016, more than 2.38 million cases of dengue 
were reported in the Americas, of which 1.5 million cases occurred in Brazil, i.e. a 
threefold increase in cases as compared with 2014 (WHO 2009, 20162). 

A ZIKV infection brings complications and consequences such as microcephaly 
in babies and the Guillain-Barré syndrome, and their neurological complications are 
being intensively investigated. Symptoms are generally mild and include fever, rash, 
conjunctivitis, muscle and joint pain, malaise or headache that last for 2—7 days. 
However, most people with Zika virus infection do not develop symptoms. Since the 
1960s, ZIKV disease has been reported in Africa, Asia, the Pacific islands, and the 
Americas, but since 2015, its geographic range has expanded rapidly (WHO 2016b). 
Currently, the ZIKV has been reported in more than 84 countries, territories or 
subnational areas in the world (WHO 20172). Between 2015 and 2017, more than 
200 000 confirmed autochthonous cases of ZIKV were reported in the countries and 
territories in the Americas, as well as 3323 confirmed cases of congenital syndrome 
associated with ZIKV infections. Of these ZIKV cases, a majority (134 057) were 
reported in Brazil (PAHO/WHO 2016). 

CHIKV has been identified in over 60 countries in Asia, Africa, the Americas and 
Europe. The disease is characterized by fever and is frequently accompanied by joint 
pain, which is often very debilitating and lasts for a few days or weeks. In 2016, there 
were more than 150 000 laboratory confirmed cases of chikungunya fever in the 
Americas. Brazil reported 146 914 confirmed cases, followed by Argentina (322 
confirmed cases) and Paraguay (38 confirmed cases) (PAHO/WHO 2014; WHO 
2016c, 2017b). 

All the above-mentioned viruses are transmitted by Aedes spp. when the female 
mosquitoes take a blood meal from a viremic human host and bites another non- 
viremic human host. These mosquitoes are distributed throughout tropical and 
subtropical territories, where they largely overlap, explaining their current scenario 
of co-infection (Furuya-Kanamori et al. 2016; Rückert et al. 2017). 
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1.2. Why Vector Control? 


The co-distribution and/or co-transmission of vector-borne diseases pose a challenge 
for public health in endemic and epidemic regions of the world, in particular also in 
Latin America (Furuya-Kanamori et al. 2016; Rodriguez-Morales et al. 2016; 
Carrillo-Hernández et al. 2018; O Silva et al. 2018; Suwanmanee et al. 2018). More 
than 80 % of the global human population lives in areas where they are at risk of 
contracting at least one vector-borne disease and more than half lives in areas where 
they are at risk of contracting two or more of these diseases (PAHO 2016). Vector- 
borne diseases mainly affect poorer populations and impede economic development 
through direct and indirect medical and other costs such as loss of productivity and 
tourism (WHO 201 7c). 

Despite the emergence of new viruses transmitted by Ae. aegypti, dengue 
continues to be one of the most important public health problems in Brazil, 
considering the burden of disease and the great potential for evolution to death 
(Martelli et al. 2015; Araüjo et al. 2017). Between 2013 and 2016, the cost of 
hospitalizations for dengue paid by Brazil's publicly funded health care system 
(known by the acronym SUS) was BRL 68.1 million (SHS 2017). In addition, dengue 
contributes to the loss of healthy years of life, affecting a large number of people 
from all age groups, causing some degree of disability during the infection period 
and deaths, mainly in children (Araüjo et al. 2017). The application of remediation 
measures during epidemic periods can drastically reduce its cost through a more 
effective prevention programme using entomological surveillance, integrated with 
area-wide vector control strategies, resulting in the prevention of several diseases and 
increasing human population life quality in the target area. 

In Singapore, for example, the haemorrhagic fever induced by dengue infection 
became a significant cause of death in the 1960s, affecting especially children. A 
vector control programme was implemented from 1968 to 1973, using data from 
entomological and epidemiological surveys to develop a strategy that was based on 
entomological surveillance, larval source reduction, public education, and law 
enforcement. The philosophy ofthe programme was to carry out vector control before 
the disease is detected as a means to reduce disease transmission. Singapore 
successfully controlled Ae. aegypti population and as a result, DENV infections were 
reduced and disease incidence remained low for a 15-year period. However, this 
success proved to be temporary, and the disease incidence increased again in the 
country in the 1990s (Ooi et al. 2006). The development of a local entomological 
index correlates the increase of new areas with breeding sites more supceptible to 
dengue transmission (Ong et al. 2019). In addition, cases of other arboviruses were 
reported, such as CHIKV in 2008 (Leo et al. 2009) and ZIKV in 2016 (Maurer-Stroh 
et al. 2016). 

The reduction in the density of the Ae. aegypti population, the resurgence of 
DENV and appearance of other diseases transmitted by this vector seems like a 
paradox. However, it is speculated that several factors may have contributed to an 
increase in dengue incidence in Singapore: 1) decreased herd immunity after 30 years 
of low dengue exposure, 2) an increase in the proportion of adult infections, 3) virus 
transmission occurring outside houses, 4) the adoption of a reactive rather than a pro- 
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active approach to vector control, 5) the presence of asymptomatic persons, and 6) a 
continued introduction of the virus through increasing numbers of travelers returning 
from endemic areas (Ooi et al. 2006; Ooi and Gubler 2009). Moreover, peridomestic 
areas, where other competent vectors were present (Aedes malayensis (Colless) and 
Aedes albopictus (Skuse)), were not included in the vector management programme 
(Mendenhall et al. 2017), and hence the programme was not following area-wide 
principles. 

In the 20th century, classic vector control strategies to reduce populations of 
mosquitoes that transmitted malaria, yellow fever and dengue temporarily reduced 
the impact of these diseases in several countries using mainly insecticides (NASEM 
2016). However, the current distribution of vector-borne diseases in the world shows 
that these and other disorders are re-emerging and/or spreading to new areas. This 
means that the full potential for preventing disease transmission is not applied as it 
should. There are factors that contribute to the failures such as technical complexity, 
costs and logistic needs, complacency and environmental concerns about insecticides 
(Townson et al. 2005). 


1.3. Aedes aegypti Control in Brazil 


Control of Ae. aegypti in Brazil has been implemented according to the guidelines 
outlined in the National Plan for Dengue Control (in Portuguese, Plano Nacional de 
Controle da Dengue - PNCD) (MS/FNS 2002), which is aligned with the Integrated 
Management Strategy for Dengue Prevention and Control in the Region of the 
Americas (known by the abbreviation IMS-Dengue) approved in the Resolution 
CD44.R9 adopted by the 44th Directing Council of the Pan American Health 
Organization/World Health Organization (PAHO/WHO 2003; San Martín and 
Brathwaite-Dick 2007). 

The main objective has been to promote a model for prevention and control of 
dengue that incorporates national and international experiences and emphasizes the 
need for change in previous models, including also the decentralisation of the vector 
control programme so that each municipality 1s responsible for the control with the 
support from the State Department of Health and the Ministry of Health (MS/FNS 
2002; Tauil 2002; Brasil 2009; PAHO 2018). The main actions involve 
epidemiological surveillance, vector control, patient care, integration with primary 
health care, environmental sanitation actions, integrated health education actions, 
communication and social mobilization, training of human resources, social and 
political support and evaluation of the programme (MS/FNS 2002, 2009; Braga and 
Valle 2007; Araüjo et al. 2015). 

The strategies involve the participation of ‘Community Health Agents’ (CHA) 
that are responsible, together with the local community, to promote the mechanical 
(removal or elimination of potential breeding sites) and chemical control 
(insecticides) with the objective of guaranteeing the sustainability of the elimination 
of breeding sites by real estate owners, in an attempt to break the chain of 
transmission of dengue. Other actions also recommended by the Brazilian Ministry 
of Health include installations of screens on the doors and windows to prevent the 
entry of the adult mosquito, in addition to the use of predators or pathogens with 


AEDES AEGYPTI CONTROL IN BRAZIL 343 


potential to reduce the vector population (biological control). Among the available 
predators are fish and aquatic invertebrates, which eat the larvae and pupae, and 
pathogens that release toxins including bacteria, fungi and parasites (Zara et al. 2016). 

Since the mid-1980s, temephos (organophosphate) has been the main insecticide 
used against larvae of Ae. aegypti in Brazil. However, since 2002, mosquito 
populations in half of the country have become resistant to temephos (Chediak et al. 
2016). As a result, pyriproxyfen, an insect growth regulator that mimics a natural 
hormone and interrupts insect development, was introduced in 2014 for the 
suppression of Ae. aegypti larvae (MS 2014a) Since 2009, malathion 
(organophosphate insecticide) has been used to control adults, replacing the use of 
pyrethroids after the identification of high levels of knockdown resistance registered 
(Martins et al. 2009). Concentrations of the all insecticides currently used, as well as 
the applied bioassay protocols, are those recommended by the WHO (2013) and the 
Brazilian Ministry of Health (MS 2014b). 

Despite the risk of favouring the rise and dispersal of resistant populations, and 
the consequent lack of alternative insecticides to the currently available malathion 
against Ae. aegypti adults, the Brazilian Ministry of Health intensified insecticide 
spraying against Ae. aegypti, as a response to the Zika and chikungunya epidemics. 
The reliance on a strategy that was mainly based on chemicals to bring the Ae. aegypti 
population under control gave the human population in Brazil a false conception of 
security (Augusto et al. 2016). The unprecedented spread of vector-borne diseases 
clearly highlights the challenges faced by everyone, not just the health agencies. 
Multiple control tactics will need to be used for the management of vector-borne 
diseases, and this will only be possible if an integrated vector management (IVM) 
approach is selected. An IVM approach was adopted in 2004 by WHO for all vector- 
borne diseases and involves a rational decision-making process for the optimal use 
of resources, to improve cost-effectiveness, ecological soundness, and sustainability 
of disease-vector control (WHO 2004, 2008, 2017c). The outcome of IVM is 
improved human capacity and strengthened infrastructure to increase the well-being, 
and not only protecting human population against disease. The WHO recommends 
integrated control of the mosquito vectors, mainly those of dengue. Control activities 
should target Ae. aegypti (or any of the other vectors depending on the evidence of 
transmission) in all its immature (egg, larva, and pupa) and adult stages (WHO 
2017d). The critical components of Aedes integrated vector management programme 
in Brazil are illustrated in Fig. 1. 


2. EDUCATION, COMMUNITY ENGAGEMENT AND RESPONSIBILITY 
2.1. General Overview 


Of primary importance in any IVM strategy is training of health personnel in 
community-based participation so that the local population can understand and hence 
participate in several aspects of vector control (Gubler and Clark 1996; Ulibarri et al. 
2016). Vector control also requires national level support to provide strategic 
direction, technical expertise, and training, aside from the development of norms and 
indicators to monitor the progress of operational activities. 
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Figure 1. Integrated control programme for Aedes aegypti populations in Brazil. 


The distribution and incidence of vector-borne diseases are determined by 
ecological factors, but they are also influenced by the behaviour of humans. Thus, 
vector control interventions that incorporate human population engagement are more 
likely to be successful as they offer the opportunity to take into account community 
problems (Townson et al. 2005). 

The WHO has prepared and made available guidelines to assist national 
programmes with the design and implementation of social mobilization and 
communication strategies aimed at dengue fever prevention and control. The 
approaches to social mobilization are known by the initials “COMBI” 
(Communication-for-Behavioural-Impact) that integrate the participation of different 
members of the community, from households to political leaders. COMBI represents 
a set of marketing, education, communication, promotion, advocacy and mobilization 
approaches with the same goal, i.e. to ensure sustained community participation to 
combat Ae. aegypti and as such, to promote the health of community members (Parks 
and Lloyd 2004; Tapia-Conyer et al. 2012). 
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2.2. The Brazilian Perspective 


In Brazil, the Municipal Health Secretariats have begun to manage and execute 
PNCD actions with the support of the States and the Ministry of Health, with most 
funding provided at the federal level. Engagement of the communities and education 
of the public in the control of Ae. aegypti does not mean to bombard people with 
information about mosquitoes or vector-borne diseases. In Brazil, it has happened 
that despite growing levels of public knowledge about mosquitoes and their control, 
many people are not taking the required basic actions such as the elimination of larval 
sources (Claro et al. 2006). Nevertheless, a study conducted in Ribeiráo Petro (south- 
eastern Brazil) reveals the relevance of educational campaigns and educational health 
programmes using different types of media to reach different community levels to 
transmit the necessary information (Alves et al. 2016). 

Caprara et al. (2015) developed an eco-health programme, based on community 
engagement, developing and distributing educational and informative material. They 
also promoted workshops for the community and developed activities to involve the 
community directly, such as mobilization of schoolchildren and the elderly, 
organization of meetings and active participation during campaigns to 
remove/relocate breeding sites. Although the overall result shows that there was still 
an increase in the mosquito population after the rainy season (which also 
corresponded to the end of the experiment), the non-treated site had a significantly 
higher increase in mosquito density compared to the treated area during the same 
period (Caprara et al. 2015). 

The key to educational campaigns is achieving a long-term modification of the 
behavioural of the general public that must be conscious of its own actions and be 
responsible for the surrounding environment. In support, a recent Brazilian sanitary 
legislation allows the application of fines in the case of impediment or difficulty when 
implementing sanitary measures that aim at the prevention of the diseases and their 
dissemination (Brasil 2016). 


2.3. Innovations and Experiences of Other Countries 


Community engagement and information activities were performed in Brazil during 
the entire mosquito population suppression Projeto Aedes Transgénico (2010-2013 
described in Section 7) that relied on the release of genetically modified mosquitoes 
(GMM) (Capurro et al. 2016). These activities, carried out before and during the 
mosquito release project, showed positive results and provided guidance for the 
design of similar public engagement plans in other regions or countries. This 
pioneering study in continental America showed that full transparency was crucial to 
make the public aware of all aspects of the mosquito release project, particularly in 
this case involving genetically modified organisms. 

The work from Sommerfeld and Kroeger (2015) reviews community-based 
vector control interventions in different countries in Latin America that are fighting 
against dengue and using educational campaigns, chemical and non-chemical 
strategies, including new approaches such as waste management. The authors 
mention that these strategies involving the community require establishment of a 
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prolonged interaction with control services, municipalities and other public actors, 
proving to be rewarding during the process and with excellent potentials for 
sustainability, however, they were time-consuming and costly at the beginning. The 
results of community participation programmes used in Mexico showed that 
continuity of these activities in long-term campaigns is a prerequisite to achieve the 
desired goals (Tapia-Conyer et al. 2012). However, governments are often reluctant 
to invest and support these initiatives, and consequently, these programmes are often 
relegated to serve as epidemiological projects during dengue outbreaks. 


3. MECHANICAL CONTROL 
3.1. General Overview 


In general, mechanical control consists of the elimination of Ae. aegypti larval 
breeding sites from domestic and peridomestic areas, and the application of measures 
that prevent the contact between humans and the vector. The interventions include 
changing the environment through cleaning and removal of possible habitats suitable 
for any stage of Ae. aegypti and Ae. albopictus to prevent or minimize vector 
propagation. This entails covering water storage containers, disposing of non- 
biodegradable waste, and installing mosquito screens on windows, doors and other 
entry points, in addition to the use of mosquito bed nets. Local government agencies 
must take responsibility for the clean-up of public spaces and to eliminate illegal 
dumps and discarded tyres (Arunachalam et al. 2012; US-EPA 2017; WHO 2017e). 


3.2. The Brazilian Perspective 


Dengue is a disease that has ecological, biological and social factors involved in its 
transmission. The dynamics of Ae. aegypti breeding sites are closely linked to human 
behaviour; therefore, elimination of larval sites through household interventions is an 
efficient way to reduce the mosquito population. In Brazil, the removal of breeding 
sites is the responsibility of households. Periodically the community health agents, 
and the ‘Endemic Disease Control Agents’ (EDCA) visit houses looking for possible 
breeding sites, but they are mainly responsible for non-residential properties, and if 
necessary, integrate chemical (insecticide) application (Zara et al. 2016). 

Chaebo and Medeiros (2017) investigated five conditions for an effective strategy 
for dengue control policy implementation through co-production, which they defined 
as the strategy for policy implementation resulting from technological, economic, and 
institutional influences. Initially the technical, economic, normative, cognitive and 
structural conditions were analysed and as a result they stated that technical, 
economic and normative conditions are interdependent, and changing one will 
change the others. In addition, the authors added two extra conditions to implement 
policy using co-production that they defined as cognitive and structural conditions. 
Including these conditions to the main study, the authors state: 

“We believe, it is impossible to successfully undertake policy implementation via co- 


production unless users recognize that an important problem exists and are able and 
willing to undertake the necessary co-production actions ” (Chaebo and Medeiros 2017). 
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Unfortunately, besides the responsibilities of authorities, the communities often 
wait for the public vector control services to carry out the task of controlling mosquito 
breeding sites. In some cases, communities are fully aware of the threats leaving 
breeding sites and their responsibility to eliminate them, but they are not involved in 
the programme, and this paradigm needs to change. In integrated vector control, the 
householders must be stimulated to interact with vector control staff and to ensure 
appropriate interpersonal communication (Arunachalam et al. 2010). 


3.3. Innovations and Experiences of Other Countries 


The effect of encouraging community members to eliminate Ae. aegypti breeding 
sites showed a favourable impact in studies carried out in the Caribbean (Rosenbaum 
et al. 1995), Latin America (Tapia-Conyer et al. 2012), Thailand (Suwannapong et 
al. 2014), Pakistan (Zahir 2016), USA (Healy et al. 2014), and many other parts of 
the world (Spiegel et al. 2002; Kay and Nam 2005; Vanlerberghe et al. 2009; Sanchez 
et al. 2012). There is a consensus among health authorities that this measure is an 
essential component of environmentally sustainable mosquito control programmes. 
A recent mathematical model for dengue control developed by Carvalho et al. (2019) 
confirms that, even though the combination of mechanical and chemical approaches 
is the most suitable one instead of using them separately, it is still insufficient to 
eliminate disease transmission completely. 


4. MASS-TRAPPING 
4.1. General Overview 


Different models of traps are available to monitor Ae. aegypti and Ae. albopictus 
populations, and they can generate baseline data that are essential to guide control 
operations. They can also be included in the entomological surveillance to improve 
mosquito population density prediction prior to epidemic periods (Honório et al. 
2009; Degener et al. 2014). An increased number of deployed traps can be used to 
reduce the target mosquito population, i.e. the gravid females are attracted to the 
oviposition traps (ovitrap) and are killed when making contact with the oviposition 
substrate that is impregnated with insecticides, or lethal ovitraps, collecting eggs that 
are subsequently killed by an insecticide-treated ovistrip (Paz-Soldan et al. 2016). 

According to a review on mass-trapping interventions for suppression of urban 
Aedes by Johnson et al. (2017), successful deployment is achieved with a high area 
coverage (78096), a pre-intervention and/or additional source reduction, the direct 
involvement of community members for sustainability, and the use of new- 
generation traps (such as the Autocidal Gravid Ovitrap — AGO, or Gravid Aedes Trap 
— GAT) to outcompete remaining water-holding containers. 

In areas where Ae. albopictus co-exists with Ae. aegypti, eggs or larvae collected 
in ovitraps need to be taken to the laboratory for species identification at the larval 
stage or maintained until adult emergence. In those areas, the AGO is a good 
alternative to monitor mosquito populations (Caputo et al. 2015). These traps are 
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simple, specific and efficient for gravid females, and their integration with other 
chemical or biological control methodologies can contribute significantly to decrease 
mosquito populations. However, their use is laborious, which is a disadvantage for 
deployment over large areas of action. Combining mass-trapping of adults, with the 
use of larvicides, can have a more significant impact on Ae. aegypti populations than 
using each of these methods alone (Regis et al. 2008). 


4.2. The Brazilian Perspective 


Mass-trapping is not currently used for mosquito control in any vector control 
programme in the country; however, several works have assessed the effect of lethal 
ovitraps, and the results were promising in several situations (Regis et al. 2008, 
2013). A modified ovitrap containing Bacillus thuringiensis israelensis (Bti — see 
next Section) that kills any larvae developing inside was evaluated in north-eastern 
Brazil. The Bti-treated trap can safely remain in the field for up to two months and 
during that time can collect more than 7000 eggs/trap (Regis et al. 2008), of course 
depending on the initial population density. 

Deployment in urban areas of ovitraps treated with the pyrethroid deltamethrin 
reduced the density of the adult female population by 4096 (Perich et al. 2003). The 
study involved the placement of 10 ovitraps/residence (five inside and five outside) 
for 12 weeks in two municipalities in Rio de Janeiro, and the sampling of 30 houses 
per intervention neighbourhood. The authors mentioned that although lethal ovitraps 
were not designed to be a control method to be used alone, their results show that 
lethal ovitraps could provide an inexpensive, simple, environmentally benign way to 
be integrated into vector control strategies (Perich et al. 2003). 

Sticky ovitraps with an adhesive strip, rather than an insecticide-treated 
oviposition surface that traps the ovipositing females when they land, have been used 
for surveillance in areas with high mosquito insecticide resistance. A study was 
conducted for 17 months to suppress mosquito populations in the Amazon region 
through a mass-trapping system using sticky ovitraps. The authors conclude that this 
intervention alone was not able to show mosquito population suppression, and they 
indicate as probable reasons a lack of buffer zones, which allowed mosquito 
migration from other areas, the lack of an area-wide approach due to the small size 
of the treated area, and insufficient collection efficacy of the trap or inadequate 
number of traps/household (Degener et al. 2015). 


4.3. Innovations and Experiences of Other Countries 


Like the Brazilian experience, Ae. aegypti populations were significantly reduced in 
Thailand when lethal permethrin-treated ovitraps were deployed in conjunction with 
other interventions such as source reduction, use of screen covers, and biological 
control. In this case, they also evaluated the impact on dengue transmission and the 
proportion of DENV IgG-IgM positives in the treated areas, which were reduced 
from 13.46% to 0%, whereas those from untreated areas increased from 9.43 to 
19.15% (Kittayapong et al. 2008). 
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A previous study using lethal ovitraps, also in Thailand, showed a 49-80% 
reduction in the mosquito population in an experiment over 30 weeks (Sithiprasasna 
et al. 2003). In Cairns, Australia, the acceptance by households of a mass-trapping 
scheme allowed the comparison of different types of lethal ovitraps in three separate 
trials. The results suggest that a high trap density can collapse a mosquito population 
over time (Ritchie et al. 2009). 

The AGO, baited with an attractant and containing an adhesive card placed inside 
the trap entrance that serves as an autocidal oviposition substrate, was developed by 
the Centers for Disease Control and Prevention (CDC) to catch gravid Ae. aegypti 
females (Mackay et al. 2013). The AGOs placed in 85% of residences in four 
communities of two municipalities in Puerto Rico between November 2015 and 
February 2016 to control Ae. aegypti mosquitoes significantly reduced the prevalence 
of CHIKV IgG antibodies in participating communities without any other control 
tactic used (Lorenzi et al. 2016). 


5. LARVAL CONTROL 
5.1. General Overview 


Larvicides are biocides used against immature mosquito stages and their use fits well 
within environment-friendly management strategies (except in emergency 
situations). Larval control can minimize the need for widespread use of insecticides 
to kill adult mosquitoes. Larvicides are used by vector control staff to treat water- 
holding structures and containers in public places, whereas the general citizen is 
supposed to do the same to treat fountains, septic tanks, pots and pools on private 
properties. The use of larvicides should be restricted to containers that are not used 
for drinking, and that cannot be covered, dumped or removed (CDC 2017a). Widely 
used is Bfi, a bacterium marketed commercially as a biological larvicide to control 
insects relevant to public health. It is safe for humans, but when ingested by mosquito 
larvae, lethal endotoxins proteins are produced during the bacterium sporulation, 
killing the larvae before reaching adulthood (Federici et al. 2007; Ibrahim et al. 
2010). An alternative is the auto-dissemination approach, that can be augmented by 
the release of males which were tainted with pyriproxyfen, a juvenile hormone 
analogue, and who will contaminate females during mating or directly the larval 
habitats (Bouyer and Lefrangois 2014). 


5.2. The Brazilian Perspective 


In Brazil, Bti is used since 2002 when resistance to the organophosphate larvicide, 
temephos, was observed (Suter et al. 2017). In those cases, Bti can be used alone or 
in association with different chemical larvicides such as pyriproxyfen (MS/FNS 
2009; Suter et al. 2017). Recent bioassays with Brazilian populations of Ae. aegypti 
and Ae. albopictus that have been exposed for many years to insecticides, in particular 
Bti, showed that both species are equally susceptible to Bti, suggesting that the same 
application rates may be used where the species co-exist (Suter et al. 2017). 
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A study in Manaus (northern Brazil), using pyriproxyfen, showed not only 
mosquito mortality, but also that adult emergence was reduced more than 10 times 
(Abad-Franch et al. 2015). They concluded that this approach is very promising to 
complement current mosquito control strategies, which heavily rely on the difficult 
task of detecting vector breeding sites and therefore perform poorly. 

In some contexts, however, the application of larvicides by public health services 
can be complicated. Many Aedes breeding sites are small, sheltered and difficult to 
locate (cryptic habitats). Therefore, depending entirely on breeding site treatment or 
removal is complex, requiring a combined strategy. Therefore, auto-dissemination 
methods are an alternative to overcome these limitations, as they rely on the 
oviposition behaviour of adult mosquitoes and their attraction to breeding sites. The 
auto-dissemination method to control Aedes mosquitoes requires artificial adult 
resting sites (dissemination stations) to which adult females are attracted and where 
they are contaminated with pyriproxyfen when entering the station and then 
contaminate breeding sites with lethal levels of pyriproxyfen (Caputo et al. 2012; 
Unlu et al. 2017). 


5.3. Innovations and Experiences of Other Countries 


In a study carried out in Thailand, about 61.896 of water containers were treated with 
Bti and temephos, and the rate of positive containers (with larvae) was reduced from 
13.8% in untreated areas to 3.7% in treated areas (P < 0.001) showing the combined 
approach of Bti and insecticide were effective in achieving the result in the target area 
(Arunachalam et al. 2010). 

The autodissemination approach was tested in the USA with pyriproxyfen-treated 
males and showed, in combination with another insecticide, a decline in the Ae. 
albopictus adult population by around 74-78% (Unlu et al. 2018). In a similar 
approach using only pyriproxyfen, the male mosquitoes were shown to be vehicles 
of insecticide in areas with low mosquito densities to intoxicate potential breeding 
sites before the seasonal emergence of the target population (Mains et al. 2015). 
These males can also contaminate the females, increasing even more the affected 
breeding sites, interrupting the development of immature offspring. On the other 
hand, a study only using pyriproxyfen conducted in Florida showed that there was no 
apparent pupal mortality during the study period (Lloyd et al. 2017). 

In Southeast Asia, larvivorous fish, e.g. from the genus Gambusia, that feed on 
mosquito larvae are often used in pots that decorate houses and terraces (Araüjo et 
al. 2015) (Fig. 2). This practice is also employed as a non-insecticidal method to 
control malaria vectors in India and Africa (Kamareddine 2012; Kant et al. 2013; 
Walshe et al. 2013). However, the use of fish to control mosquito larvae is feasible 
and effective only in breeding sites that are easily identified and in those as observed 
in Asian culture (Chandra et al. 2008). 

Studies carried out in Mexico have shown that larvivorous fish can reduce larval 
and pupal numbers in household water containers, but there was no evidence of a 
reduction in DENV infection (Morales-Pérez et al. 2017). In villages of Karnataka, 
South India, the introduction of fish, e.g. the guppy Poecilia reticulata (Peters) and 
Gambusia affinis (Baird & Girard), combined with information, education and 
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communication campaigns, had a significant impact on the density of the Aedes 
population and decreased the prevalence of chikungunya (Ghosh et al. 2011). This 
method is harmless to humans and exhibits minimal risks of mosquito resistance. 
Besides, the fish are cheap to produce in most cases, saving resources that could serve 
for other needs. However, in some cases, these invasive fish can be negative effects 
on biodiversity (El-Sabaawi et al. 2016). 


Figure 2. Larvivorous fish in water containers in Southeast Asia (Araujo et al. 2015). 


6. ADULT CONTROL 
6.1. General Overview 


Adulticides are intended to impact a significant number of infected adult mosquitoes 
in a short time through surface (indoor) and/or spatial (outdoor) treatments with 
insecticides of residual or low residual activity. The indoor residual spraying (IRS) 
consists of the application of long-acting chemical insecticides on the walls or others 
surfaces of houses in a given area using backpack sprayers. A recent review using 
seven databases evaluated the effectiveness of indoor spraying of insecticides and 
showed the effect on adult mosquitoes is high immediately after application (Samuel 
et al. 2017). These spraying activities are usually carried out by staff of the vector 
control programmes, but the general public can also buy commercial adulticides for 
use in their homes. 
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Space spraying is recommended only in emergency situations when people in a 
large area are at risk of infection, or mosquito densities are very high. The insecticides 
can be applied by backpack sprayers, trucks or airplanes. When cases of the disease 
are detected in the early stages of an epidemic, emergency space spraying can reduce 
disease transmission quickly. However, applying other vector control measures such 
as larviciding or environmental modification help provide longer-term control as a 
part of an integrated mosquito management programme (CDC 2017b; MS 2017a; 
WHO 2017b, 2017f). 


6.2. The Brazilian Perspective 


In 2016, the Brazilian Government published law No. 13.301 of July 27, 2016 that 
allows the incorporation of adult vector control mechanisms through aerial spraying 
upon approval of sanitary authorities and scientific evidence on the efficacy of the 
measure (MS 2017b). However, in the same year, the Oswaldo Cruz Foundation 
(FIOCRUZ) issued a technical note stating that there are risks to human health related 
to the spraying of a neurotoxic product such as malathion in urban areas. They 
considered that it not only posed a threat to the environment and the population's 
health, but it is also of little efficacy in the combat of Ae. aegypti, which in its adult 
stage lives mainly within the domiciles (FIOCRUZ 2016). 


6.3. Innovations and Experiences of Other Countries 


The Florida Keys Mosquito Control District used aerial sprays with insecticide 
(naled) and bacterial larvicides to reduce Ae. aegypti populations in urban areas of 
Key West, Florida, USA (CDC 2017c; Pruszynski et al. 2017). The aerial 
applications of Bti caused a significant decrease in adult female populations 
throughout the summer because, in Key West, larvae of this mosquito develop in 
micro-containers around human habitations. The advantage of aerial spraying of 
larvicide is the area-wide coverage over and around urban areas achieved in a short 
period and in the case of Key West, the aerial application of larvicide was effective 
in controlling the Ae. aegypti outbreak (Pruszynski et al. 2017). 


7. POPULATION SUPPRESSION INTEGRATING THE STERILE INSECT 
TECHNIQUE, THE INCOMPATIBLE INSECT TECHNIQUE, AND 
GENETICALLY MODIFIED MOSQUITOES 


To improve the Brazilian dengue vector control programme, it is mandatory to use 
the principles of IVM to minimise financial and personnel requirements and be able 
to cover the target geographic area to be treated with the chosen vector control 
methods. Furthermore, improved monitoring and evaluation tools for vector control 
should be developed and applied, and relevant training must be performed based on 
necessity (Horstick et al. 2010). 

As described above, suppression of disease-transmitting mosquito populations is 
still mainly based on insecticides (larvicides and adulticides). A reduction in 
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mosquito densities 1s the most reliable method to decrease pathogen-host contact, 
which will reduce the probability of humans becoming infected. Nevertheless, the 
long-term use of chemical compounds has selected for mosquito populations resistant 
to them, resulting in the increase of the number of cases in endemic areas and the 
spread of diseases transmitted by these insects into entirely new areas (Campos et al. 
2015; Díaz et al. 2015; Zanluca et al. 2015; Luksic et al. 2017). 

Other population suppression approaches are therefore under development and 
evaluation, and these could be integrated into the currently used IVM approaches. 
These methods have the benefit that they can reduce vector populations in a target 
area, without causing the selection of resistance as promoted by insecticides (Bourtzis 
et al. 2016). They have in common the release of sterilized male insects (because 
male mosquitoes do not blood-feed and therefore do not transmit diseases), and the 
monitoring of the sterile and wild male populations in the target area (Lees et al. 
2014). These males must be mass-reared to achieve the required numbers to promote 
suppression of the target population. After release, an efficient monitoring system is 
needed to be able to follow the vector population fluctuation and if required, to adjust 
male production and release rates (Hood-Nowotny et al. 2006; Vreysen 2021). 

The first of these approaches is the Sterile Insect Technique (SIT), which uses an 
ionizing radiation source (gamma or X-ray) to sterilize the mass-reared males that 
will be released into the open field in numbers 10-100 times larger than the wild-type 
population. The high sterile to wild male overflooding ratios increase the probability 
of a mating of a wild virgin female with a sterile male (Vreysen et al. 2014; Dyck et 
al. 2021). For more than 50 years, the SIT has proven to be an effective control tactic 
to suppress agricultural insect pests such as moths, fruit flies, screwworm and tsetse 
flies (Hendrichs and Robinson 2009; Klassen et al. 2021). With support from the 
international scientific community through the International Atomic Energy Agency 
(IAEA) and the Food and Agricultural Organization of the United Nations (FAO), 
several countries like Brazil, Cuba, Italy, France (La Réunion), Mauritius, Mexico, 
Thailand, USA and others have or are initiating pilot trials against mosquitoes on a 
small to medium scale as a proof-of-concept (Lees et al. 2021). 

A similar approach is the release of males that are infected with symbionts that 
cause sterility without the use of ionizing radiation. The intracellular bacterium, 
Wolbachia, is a symbiont that is sexually transmitted and maternally inherited and 
can promote cytoplasmic incompatibility in embryos when the father is infected with 
a particular strain but not the mother (Sinkins 2004). This approach is called the 
Incompatible Insect Technique (IIT) (Zabalou et al. 2009) and is already under 
evaluation in several countries like USA (Mains et al. 2016), China, and in French 
Polynesia for Aedes polynesiensis (O'Connor et al. 2012). A related approach under 
evaluation in Australia, Brazil (Niteroi and Rio de Janeiro), Colombia (Bello and 
Medellín), and Indonesia (Yogyakarta) through the Eliminate Dengue and other 
campaigns (De Barro et al. 2011; Maciel-de-Freitas et al. 2012; Flores and O'Neill 
2018) involves the release of both Wolbachia-infected males and females, resulting 
in population replacement by substituting the original population with a Wolbachia- 
infected population, this approach takes advantage of Wolbachia's capacity to block 
pathogen transmission to the human host (Van den Hurk et al. 2012; Frentiu et al. 
2014; Dutra et al. 2016). 
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The release of genetically modified mosquitoes (GMM) is the third population 
suppression alternative that is under evaluation, and so far, some programmes or trials 
have demonstrated success in reducing the mosquito population in the target areas 
Carvalho et al. (2015). This transgenic approach, which requires regulatory approvals 
and involves other issues, has a broad range of possibilities to interfere and trigger 
mosquito population suppression or population replacement by blocking disease 
transmission, due to its potential to manipulate, exclude or include new features at 
the genomic level of the target mosquito species (Handler 2002; Travanty et al. 2004; 
Catteruccia et al. 2009). 

Brazil is one of the best locations to test and evaluate these new technologies, due 
to its diverse environments and extensive prevalence of arboviruses. Since 2002, 
Brazil has been implementing the PNCD to control dengue transmission and related 
diseases, such as chikungunya, Zika, and yellow fever. However, the efforts and 
strategies that are combined in the PNCD cannot entirely prevent disease 
dissemination; on the contrary, the number of reported cases only increases every 
year (Pessanha et al. 2009; SS-PE 2015; MS 2017c). Therefore, the inclusion of new 
technologies cannot alone change the vector density and transmission situation if 
their deployment is not carefully planned according to the specific characteristics and 
needs of each target area and taking advantage of the best characteristic of each of 
the technologies. Thus, it is necessary to combine and better apply where appropriate 
all these techniques as part of effective IVM approaches (Horstick et al. 2010; 
Bourtzis et al. 2016; Van den Berg et al. 2012). 


7.1. Two-step Male Release Strategy — Integration of Techniques 


Several models on the use of these inovative technologies, such as GMM, the IIT, the 
SIT and others, predict that it will take several seasons to suppress a targetted 
mosquito population, and even when achieving it, some virus transmission can still 
occur (Andraud et al. 2012; Chen and Hsieh 2012; Okamoto et al. 2013; Ndii et al. 
2015). The IVM approaches can be improved by applying the suppression methods 
more effectively and based on mosquito biology. Models combining several 
techniques demonstrate the advantages of targeting different developmental stages 
and integrating different ways to suppress a population. 

A two-step strategy was proposed to reduce mosquito populations and then block 
efficiently disease transmission (Carvalho et al. 2014). A first step involves the 
integration of any methods which have a significant impact decreasing the target 
vector population, such as the use of larvicides and adulticides, educational 
campaigns, breeding site elimination, the release of sterile males, which also can be 
carrying pyriproxyfen to suppress a population. Once the population has been 
suppressed, this should be followed by a second step, which could involve releases 
targeting population substitution (for example Wolbachia-infected females or 
GMM,, in order to disrupt disease transmission entirely. The idea is first to reduce 
the mosquito population to extremely low levels, and then to substitute this residual 
population by one that is no longer able to transmit viruses, thereby obtaining the 
advantage of this low-cost combination strategy that can be implemented as part of 
IVM over larger areas (Fig. 3). 
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Figure 3. A schematic diagram of two-step male release strategy (Carvalho et al. 2014) 
using as an example a genetically modified mosquito (GMM) strain for population 
suppression and replacement. 


Recently, some studies proposed transgenic constructions able to block the virus 
transmission with low impact on the overall mosquito fitness (Jupatanakul et al. 2017; 
Buchman et al. 2019). Strategies using RNA interference or RNA-based strategies 
targeting critical virus RNA's were already developed and tested under laboratory 
conditions and their fitness evaluated (Franz et al. 2006, 2014; Buchman et al. 2019). 
In addition, other strains targeting malaria parasites have also been developed for 
population replacement, entirely blocking the parasite transmission (Kokoza et al. 
2010). 

Nevertheless, it is a common evolutionary fact that without a stable gene drive 
mechanism such systems alone may not be enough to replace the population 
successfully, and over time will be displaced (James 2005). However, the use of new 
gene editing techniques, such as CRISPR-Cas9, provide an easier way not only to 
create strains for population suppression, but also for population replacement 
(Hácker and Schetelig, this volume). They may also eventually overcome the issue 
of gene drive resistance mechanisms that emerge in field populations (Champer et al. 
2018). This resistance can originate from the drive itself, when cleavage is repaired 
and it changes the sequence of the target site, so that it can no longer be recognized, 
becoming resistant to future conversion. 

A model provides that more than 100 generations are needed for the wild-type 
population to reach 50% of resistant alleles and the use of CRISPR-Cas9 can be an 
efficient way to provide stable strains for vector control programmes without the 
accumulation of genetical instability (Unckless et al. 2017). It is a matter of time for 
the availability and developing state of art of the gene drive technologies to provide 
further information on their behaviour in the genome and their ecological impact and 
long-term effects. 

Further discussion among the scientific community, stakeholders and population 
regarding the advantages, risk assessment, and regulatory issues of using them are 
needed (Carter and Friedman 2016; Hacker and Schetelig, this volume; Nielsen, this 
volume). 
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7.2. Open Field Release Using the OX513A Ae. aegypti Transgenic Line and its 
Evaluation 


Brazil and other countries have initiated the field assessment of the impact of some 
of these new technologies as part of IVM approaches. The first continental GMM 
release to suppress an Ae. aegypti mosquito population was carried out between 2011 
to 2015 in two different cities, Juazeiro and Jacobina in the state of Bahia, in north- 
eastern Brazil. This Projeto Aedes Transgénico aimed at evaluating various aspects 
of a full IVM programme by using the OX5134A transgenic line developed by the 
commercial company Oxitec Ltd. (Lee et al. 2009). Before the release of the 
genetically modified male mosquitoes in Brazil, several regulatory steps, as described 
by Carvalho and Capurro (2015), had to be performed. The most crucial approval 
was provided by the Brazilian National Committee of Biosafety, which regulates all 
research projects and products directly and indirectly involving genetically modified 
organisms, including a public review of the project that had no vote against it. 

Due to all apprehensions around genetically modified organisms in plants and 
other organisms, the Projeto Aedes Transgénico initiated a pioneering 
communication plan to create adequate public awareness regarding the use of this 
technology and its purpose. Emphasis was likewise placed on community 
engagement and stakeholder participation during the execution of the project. This 
experience can serve as a model for other initiatives using the same approach 
(Carvalho et al. 2015; Capurro et al. 2016). 

In the initial phase, some quality parameters of these GMM males were assessed 
in the target area/environment, such as flight range and longevity under field 
conditions. Based on this first phase, an assessment was made of the number of sterile 
male mosquitoes to be released to achieve population suppression, and the data 
compared with those of the first trial in Grand Cayman Island (Harris et al. 2011, 
2012). This range-finding process, consisting of six weeks of releases and the three 
following weeks for evaluation (around 2800 males/ha/week were released in this 
first phase), was helpful in optimizing the release number and mass-rearing process. 
It was also crucial for the next phase involving overflooding the target area in 
Juazeiro with male mosquitoes for suppression purposes because it provided and 
confirmed parameters to initiate this suppression phase (Carvalho et al. 2015). 

After the 17 months release period, around 95% of population suppression was 
achieved in Juazeiro, based on an indirect evaluation using a monitoring system with 
ovitraps. Afterwards, the study kept track of the GMM and wild-type populations 
after the suppression effect. The outcome was that when the releases were 
discontinued, the wild mosquito population returned rapidly to pre-control levels 
within 17 weeks due to immigration and other factors, such the eclosion of eggs that 
remained unhatched during the release phase (Garziera et al. 2017). 

The second part of Projeto Aedes Transgénico included procedures for ground 
shipment of pupae to the city of Jacobina, around 300 km from the mass-rearing 
facility. This step also included optimizing the monitoring system, increased 
community engagement and awareness activities, and improved efficiency of mass- 
rearing procedures and release methods. The Projeto Aedes Transgénico was 
terminated at the end of the contract with the Bahia State Health Department. Again, 
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genetic monitoring of the GMM and wild-type populations continued post- 
suppression, indicating that portions of the transgenic strain genome became 
incorporated into the target population (Evans et al. 2019). 

In parallel, as an independent initiative, Oxitec started a trial in Piracicaba and 
Juiz de Fora municipalities (in Sáo Paulo state, south-eastern Brazil), following a 
similar approach and using the predetermined parameters established during the first 
two initials trials in the country (Paes de Andrade et al. 2016). So far these trials are 
service contracts directly performed with the municipalities without any support of 
the Brazilian Ministry of Health. 


8. FINAL CONSIDERATIONS 


Numerous activities are currently being integrated in Brazil to suppress Ae. aegypti, 
the vector of various arboviruses. Box 1 presents some important bullets 
summarizing the strengths, weaknesses, opportunities, and threats (SWOT) for the 
Brazilian vector control strategy. 


Box 1. Strengths, weaknesses, opportunities, and threats of the Brazilian vector control 
strategy. 


STRENGTHS WEAKNESSES 


e Insufficient budget / trained staff 
e Insufficient public mobilization 


e Strong research institutions resulting in low community 

e Decentralisation of the vector control commitment and household 

e Existence of the National Plan for participation and acceptance 
Dengue Control (PNCD) e Limited time required for data 

e Historical record of successful vector analysis resulting in poor 
elimination management 

e Reference research laboratories e Lack of consistent and frequent 


control strategy application 


OPPORTUNITIES THREATS 


*  Possibility to test new techniques in 
different biomes and urbanization levels 

e Use of different combinations and 
methods for vector control for specific 
conditions 

e Learning from different models and 
previous experiences (including other 
countries) 


e The continuous increase in reported 
arboviruses cases 

e Different vector species participating 
in disease transmission 

e Entry of new arboviruses promoting 
illness 

e Difficulty of treating increasing cases 
in big cities 
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PNCD activities and efforts are not enough to interfere with disease transmission 
by this vector. All have been recommended by WHO (Brasil 2009), however they 
have to be adapted to different levels of difficulty in different situations (for example, 
vector control in isolated small areas vs non-isolated, large and densely populated 
urban areas). Among the main reasons for the insufficient control are the low budget, 
lack of trained staff, insufficient insecticide application, insufficient public 
mobilization, and poor management. There is a need to increase vector control efforts 
all over the country, but at the same time to complement the adopted strategies with 
promising innovative approaches (Zara et al. 2016; Coelho 2012). There is the 
potential to exploit and include new methods as part of the IVM package in order to 
suppress more effectively and sustainably the mosquito populations and control 
disease transmission. 

The current PNCD activities being performed should not be interrupted due to the 
advent of new technologies, but these can be validated and implemented as part of 
the IVM package. The range of approaches integrating new technologies is huge, and 
they have demonstrated that they can successfully contribute to mosquito population 
suppression and reduce disease transmission. In view of the proof-of-concept of these 
techniques (most of them carried out under Brazilian conditions), they are ready for 
the next step, which is their application as part of a long-term programme, not only 
to demonstrate their effect on mosquito populations, but also their impact on disease 
transmission. 
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SUMMARY 


The Incompatible Insect Technique (IIT) is a Sterile Insect Technique (SIT)-related approach that uses the 
reproductive parasitism caused by infection with maternally-inherited bacterial endosymbionts to make 
released males reproductively incompatible with the wild-type females of the target population. The most 
common and widespread of such endosymbionts is Wolbachia, which is found throughout many insect 
orders, and often causes cytoplasmic incompatibility (CI), a form of conditional sterility where the fertilized 
eggs of females not infected with the same Wolbachia strain as the males with which they are mated 
undergo embryonic death. An advantage of IIT is that the incompatibility induced by Wolbachia often has 
either no or only minor effects on the quality of infected males. In addition, such endosymbionts can also 
have other desirable phenotypic effects on their hosts, such as reducing the ability of target species to act 
as disease vectors, thus allowing the undesirable sex(es) to be tolerated among the sterile insects to be 
released. However, an inherent problem with IIT, which has so far restricted its operational use, is that, 
unlike SIT, the accidental release of endosymbiont-infected females may prevent further population 
suppression by causing unintended population replacement, whereby the original target population is 
replaced with individuals infected with the same endosymbiont strain as the released males. A solution to 
this problem, at least for the majority of insects whose females are more sensitive than males to radiation, 
is to combine IIT with SIT, such that all endosymbiont-infected individuals destined for release are also 
first subjected to low-dose radiation, which completely sterilizes any contaminant females without affecting 
the incompatibility or quality of the irradiated males. Here, we discuss the biology and general theoretical 
principles underlying the use of IIT alone, and the rationale and necessity of combining IIT with SIT, as 
well as the logistical problems encountered, and technological developments required, for the mass- 
production and release of irradiated endosymbiont-infected individuals as part of area-wide integrated pest 
control programmes. We primarily illustrate our discussion with examples involving mosquitoes, for which 
the majority of the relevant research has been conducted, including the first open-release field trial of 
combined IIT/SIT application against the important arboviral vector Aedes albopictus (Skuse). However, 
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the combined IIT/SIT approach should be broadly applicable to a wide range of other insect pests and 
vectors, and so of interest to entomologists in general. 


Key Words: Aedes, Wolbachia, combined IIT/SIT, cytoplasmic incompatibility, symbiosis, arboviruses, 
mosquitoes, radiation, vector-borne diseases 


1l. INTRODUCTION 


The irradiation-based Sterile Insect Technique (SIT) has been successfully used to 
suppress the populations of a number of insect pests and vectors of agricultural and 
veterinary importance (Dyck et al. 2021). However, the application ofthe SIT against 
other important groups of insects, especially the mosquito vectors of human 
pathogens, has, so far, been limited (Benedict and Robinson 2003; Dame et al. 2009; 
Bourtzis et al. 2016; Scott and Benedict 2016). There are various reasons for this, and 
they have been debated, but the development and implementation of the SIT for such 
insects continues, and is still an active and productive area of research, and it is hoped 
that, with further investigation and optimization, the SIT can be successfully and 
operationally deployed against mosquitoes in the not so distant future (Alphey et al. 
2010; Bourtzis et al. 2016; Lees et al. 2015, 2021). 

Concurrently, however, other approaches have also been, and continue to be, 
explored (Alphey 2014; Scott and Benedict 2016). One alternative approach is the 
Incompatible Insect Technique (IIT), which uses infection with maternally-inherited 
prokaryotic endosymbionts, such as the alpha-proteobacterium Wolbachia, to 
suppress host populations. Like other sterile-male-based methods of population 
suppression, these endosymbionts make the released males reproductively 
incompatible with wild-type females in the target population. 

In this chapter, we outline the biological and theoretical basis of endosymbiont- 
mediated IIT and argue why it is an attractive alternative to the SIT for some groups 
of insects. However, in the absence of a perfect sex separation system, IIT application 
has a fundamental constraint necessitating its combination with the SIT. Our 
discussion primarily concerns mosquitoes, but there is an increasingly large research 
literature on endosymbionts causing reproductive parasitism in a wide range of insect 
hosts, which readers are encouraged to explore for themselves. 


2. THE STERILE INSECT TECHNIQUE (SIT) 


Historically, there have been a number of laboratory tests and pilot field trials of 
irradiation-based SIT against mosquitoes (Benedict and Robinson 2003; Dame et al. 
2009). Despite this, the SIT against mosquitoes has not yet been deployed 
operationally on a larger scale. Various reasons have been given for this, such as the 
failure to effectively optimize the timing and magnitude of the irradiation dose used 
on mass-reared individuals, the high rate of intrinsic increase of these insects and the 
failure to release sufficient males, an inability to efficiently and cost-effectively mass- 
produce and/or release them, a lack of knowledge regarding the basic biology and 
ecology of the target species, and inadequate methods of sex separation (Dame et al. 
2009; Scott and Benedict 2016). 
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More recently, interest in using the SIT against mosquitoes has been revived, and 
the positive results of small-scale field trials (Bellini et al. 2007, 2013b) support the 
notion that the SIT is feasible against mosquitoes. In addition, over the past decade, 
the Food and Agriculture Organization of the United Nations (FAO) and the 
International Atomic Energy Agency (IAEA), in response to increasing requests from 
their member states, have increased their efforts to explore and disseminate the 
possibilities of integrating the SIT within AW-IPM approaches to manage better 
mosquito populations (Bourtzis et al. 2016; Lees et al. 2013, 2015; 2021). 


2.1. Reduced Quality of Irradiation-sterilized Insects 


A requirement of the SIT is that radiation-based sterilisation does not have serious 
adverse effects on male competitiveness or overall quality (Knipling 1955). Such 
effects may derive either from the direct deleterious effects of radiation itself, or 
indirectly through the mass-rearing and handling procedures and ambient conditions 
required for the administration of radiation (Bourtzis and Robinson 2006; Bakri et al. 
2021). Insects vary in their radio-sensitivity, with some species being inherently more 
sensitive to the effects of irradiation, such that irradiation doses inducing high levels 
of male sterility often also have appreciable negative effects on male quality (e.g. 
mating competitiveness and survival) for some insect species (Bakri et al. 2005; 
Helinski et al. 2009). For mosquitoes, the process of irradiation has frequently been 
reported to reduce male competitiveness and survival (Arunachalam and Curtis 1985; 
Dame et al. 2009; Helinski et al. 2009; Oliva et al. 2012; Maiga et al. 2014; Yamada 
et al. 2014a, 2014b; Zhang et al. 2016; Zheng et al. 2019). However, whether such 
negative effects are due to the radiation itself, or the conditions and procedures under 
which the radiation is administered is often unclear (Scott and Benedict 2016; Yamada 
et al. 2019). The latter can impose significant fitness costs independent of the effects 
of radiation itself, which can reduce their quality for use in the SIT. 

Many pest/vector species are fragile, with complex holometabolous life cycles, 
complicating their handling and irradiation, especially under the conditions of mass- 
rearing and mass-release required for the SIT. Different life cycle stages may also 
vary in their radio-sensitivity (e.g. late pupae versus adults), and careful timing of 
irradiation can help to minimize radiation-induced damage, as well as maximize sex- 
specific differences in radio-sensitivity, which is important for sterilizing contaminant 
females without adversely affecting male quality (see Section 4.2) (Andreasen and 
Curtis 2005; Helinski et al. 2006; Brelsfoard et al. 2009; Balestrino et al. 2010; Ndo 
et al. 2014; Zhang et al. 2015b). 

Regardless of whether the adverse effects of irradiation are direct or indirect — and 
whether or not it might be possible in future to ameliorate such effects through 
optimization of irradiation protocols and development of better technology — for some 
groups of insects there is currently a necessary trade-off between sterility and quality, 
such that, as higher irradiation doses increase male sterility, they simultaneously 
decrease male quality (Helinski and Knols 2008; Balestrino et al. 2010; Bellini et al. 
2013a). In many instances, intermediate irradiation doses can be identified that 
provide an optimal balance between male sterility and quality (Parker and Mehta 
2007; Helinski et al. 2009). Consequently, the use of the SIT may not be precluded 
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(Bellini et al. 2007, 2013b; Scott and Benedict 2016), although its overall efficiency 
may be reduced, and its cost-effectiveness decreased, through necessitating larger 
numbers of insects to be produced and released during area-wide control programmes. 
For target insects with very high reproductive potential, like some mosquito species 
(Alphey et al. 2010), the problem of trading-off residual fertility against male quality 
could be particularly acute, because population can rebound easily through those 
survived eggs as seeds. With low residual fertility, the number of emerging adults in 
the wild may be relatively high as the low number of hatching eggs is compensated 
by low competition for resources among surviving larvae, and hence higher survival 
rates during the development. Therefore, minimum levels of sterility are necessarily 
required to overcome the intrinsic growth of the target population (Barclay 2021). 


2.2. Imperfect Sex Separation 


Another problem for the implementation of the SIT, as well as all other sterile-insect- 
based methods, against insects like mosquitoes where adult females (and not males) 
of the target species are the pests/vectors, is the absence of perfect sex separation 
methods (Gilles et al. 2014). Thus, the release of females, even as relatively small 
numbers of contaminant individuals, is considered unacceptable for SIT applications 
to control those pests/vectors due to the risk of increased crop destruction, parasitism 
or pathogen transmission. In other instances, where either males or both sexes act as 
pests/vectors, the release of any sterile individuals has to be carefully managed, e.g. 
feeding tsetse males with trypanocidal drugs before their release or using strains with 
enhanced vector refractoriness (Kariithi et al. 2018). New methods are, therefore, 
needed that either completely remove any females from among the insects to be 
released, or reduce the ability of target species to act as pests/vectors, thus allowing 
the undesirable sex(es) to be tolerated among the sterile insects to be released. 


3. THE INCOMPATIBLE INSECT TECNIQUE (IIT) 
3.1. Wolbachia, Cytoplasmic Incompatibility and Population Suppression 


The IIT is an analogue ofthe SIT, using infection with naturally-occurring maternally- 
inherited bacterial endosymbionts that cause reproductive parasitism — instead of 
radiation — to make released males reproductively incompatible with females of the 
target field population (Bourtzis et al. 2014; Scott and Benedict 2016; Xi and Joshi 
2016). Wolbachia is the most common and widespread of such endosymbionts 
(Werren et al. 2008), being found throughout many insect orders, i.e. it is estimated 
to infect between approximately 48 to 57% ofall terrestrial arthropods (Hilgenboecker 
et al. 2008; Zug and Hammerstein 2012; Weinert et al. 2015). One of the 
manipulations of host reproduction caused by Wolbachia is cytoplasmic 
incompatibility (CI), a form of conditional sterility whereby the fertilized eggs of 
females not infected with the same Wolbachia strain as the males with which they are 
mated, undergo embryonic death (Sinkins 2004; Werren et al. 2008; Hurst and Frost 
2015). In contrast, Wolbachia-infected females produce off-spring normally, whether 
mated with uninfected males or with males infected with the same Wolbachia strain. 
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The level of CI induced can vary considerably between Wolbachia strains: some 
strains do not cause CI — or any other reproductive manipulation — while others cause 
either partial or complete CI that either only kills some or all embryos, respectively. 
In general, Wolbachia and other similar endosymbiotic reproductive parasites are only 
maternally-inherited, but the level of transmission from mother-to-offspring can vary 
considerably. In mosquitoes, native Wolbachia infections typically exhibit very high 
levels (~100%) of both CI and maternal transmission (Sinkins 2004; Baton et al. 
2013), while these characteristics are often markedly lower (<50%) and more variable 
in other Diptera, such as well-studied drosophilids. 

As CI prevents uninfected females — or those infected with a different 
incompatible Wolbachia strain — from having off-spring, infected females leave more 
off-spring. The consequence is that, over succeeding generations, uninfected females 
can be driven to extinction as the number of infected females increases, potentially 
resulting in complete replacement of the original uninfected host population with 
Wolbachia-infected individuals (Caspari and Watson 1959; Fine 1978). The speed 
and extent with which population replacement occurs, i.e. replacing the original 
uninfected host population with Wolbachia-infected individuals, primarily depends 
on the level of CI-induced and the rate of endosymbiont maternal transmission, as 
well as whether or not the endosymbiont has any fitness costs or benefits for its hosts. 
When CI is complete, maternal transmission is perfect, and the endosymbiont has no 
fitness costs, complete population replacement is expected, and, at least theoretically, 
is predicted to be very rapid: occurring in about 100 generations, from a very low 
(~1%) initial proportion. If the initial proportion is higher (e.g. 71096), population 
replacement could occur in «10 generations (Caspari and Watson 1959; Fine 1978). 

When CI is partial, and/or maternal transmission imperfect, and/or there are fitness 
costs, endosymbiont-infected individuals either will go extinct, or will only partially 
if not completely replace uninfected individuals if they constitute a certain proportion 
of the host population, known as the invasion threshold of the endosymbiont. During 
the process of population replacement, the size of the uninfected part of the host 
population is reduced due to the inhibition of reproduction by uninfected females as a 
result of mating with incompatible infected males (Dobson et al. 2002a). This creates 
a positive feedback-loop that increases the relative proportion of infected individuals 
in the population, as well as creating vacant niche space to be filled, and thereby 
accelerates and drives the rate of both replacement of uninfected individuals and the 
degree of population suppression (as uninfected females are increasingly more likely 
to mate with infected males). It is this naturally-occurring mechanism of host 
population suppression that is exploited by IIT. However, as only males should be 
released during IIT application, the subsequent population replacement by 
endosymbiont-infected individuals that occurs in natural systems does not occur 
during target population suppression, as there are no infected females to maternally- 
transmit the endosymbiont to the next generation. The consequence is target 
population elimination. 

An alternative strategy for vector control which is currently being extensively 
investigated and actively implemented — and which we do not discuss further here — 
involves intentionally releasing endosymbiont-infected females in order to 
deliberately trigger population replacement (Sinkins et al. 1997; Iturbe-Ormaetxe et 
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al. 2011; Bourtzis et al. 2014; Xi and Joshi 2016). As described in Section 3.4.2 below, 
some Wolbachia infections can reduce vector competence for vector-borne pathogens, 
such that population replacement with such endosymbiont variants would reduce or 
prevent pathogen transmission by a vector population. However, we regard the aim of 
population suppression as preferable to population replacement, because it can be 
guaranteed to completely prevent any future pathogen transmission (endosymbiont- 
mediated reduction in vector competence may not be complete, and/or may be lost 
over time due to the evolution of resistance by the transmitted pathogen and/or 
changes in the vector-endosymbiont association), and is likely to have greater public 
acceptance due to male-only releases, the reduction of nuisance biting, and the 
possibility of vector eradication (Zheng et al. 2019). 


3.2. A Brief History of the IIT 


CI was first observed in the mosquito Culex pipiens L. (Marshall and Staley 1937; 
Marshall 1938; Roubaud 1941), shortly after the independent discovery of the 
endosymbiont Wolbachia in the same mosquito species (Hertig and Wolbach 1924; 
Hertig 1936). However, it was not until more than three decades later that the causal 
link between Wolbachia and CI was hypothesized, and then empirically proven 
through curing mosquitoes of their bacterially-induced CI by antibiotic treatment 
(Yen and Barr 1971, 1973). 

The notion of using CI for suppression of vector populations was developed during 
the 1960s — that is, prior to the realization that maternally-inherited endosymbionts 
cause CI — as part of a World Health Organization (WHO)-sponsored programme 
instigated and led by the German entomologist Hannes Laven (WHO 1964; Pal 1966; 
Knipling et al. 1968; Laven 1971; Davidson 1974). In unpublished studies, it was first 
shown, using cage experiments, that the release of incompatible males at an initial 1:1 
ratio with target-compatible males, could eradicate a stable target population in only 
3 or 4 generations (Pal 1966; Laven 1967, 1971). 

Consequently, a small-scale open-release pilot trial in the field was undertaken in 
a relatively isolated rural village (Okpo) near Rangoon in Myanmar (Burma) against 
the local vector of filariasis, Culex quinquefasciatus Say (Laven 1967, 1971). This 
trial was a resounding success, effectively eliminating the local mosquito population 
by the end of the 12-week intervention period, although there were some reservations 
about the significance, and general applicability, of this “proof-of-principle” 
demonstration (Laird 1967; Barr 1970; Weidhaas and Seawright 1976). 

Subsequently, a larger-scale joint WHO / Indian Council of Medical Research 
(ICMR)-backed project to further investigate the feasibility of using the IIT was 
established in the 1970s in India (Grover and Sharma 1974; Pal 1974), resulting in a 
number of studies characterizing the incompatibility, mating competitiveness and 
vector competence of endosymbiont-infected mosquitoes (Subbarao et al. 1974, 1977; 
Grover et al. 1976; Singh et al. 1976; Curtis 1977; Krishnamurthy 1977; Thomas and 
Singh 1977; Curtis and Reuben 2007), as well as the first attempts of combining the 
IIT with genetic modification (Laven and Aslamkhan 1970; Krishnamurthy and 
Laven 1976; Curtis 1977). The results of the field trials were less convincing than 
before with only partial population suppression (<70%) achieved, apparently due to 
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unexpected high levels of immigration of previously inseminated females from the 
areas surrounding the release sites (Brooks et al. 1976; Curtis 1977; Curtis et al. 1982). 

During this latter period, with the discovery of CI in tephritid flies (the European 
cherry fruit fly Rhagoletis cerasi L., Boller and Bush 1974), and pyralid moths (the 
almond moth Cadra cautella (Walker), Brower 1976), there was interest for using CI 
to suppress other pest insects (Russ and Faber 1979; Neuenschwander et al. 1983; 
Blümel and Russ 1989; Boller 1989), with the term “IIT” being coined (Boller et al. 
1976), and several promising laboratory studies and semi-field trials undertaken 
(Brower 1979, 1980; Ranner 1990). 

During the 1980s, interest in the IIT (and the SIT) for mosquitoes waned (Scott 
and Benedict 2016), partly due to the premature termination of the joint WHO/ICMR 
project (Anonymous 1975; Curtis and Reuben 2007), but also because of doubts about 
the practical feasibility and economics of rearing large numbers of mosquitoes, as well 
as the possibility/sustainability of population suppression/elimination in the presence 
of immigration from outside control areas (Sinkins et al. 1997; Scott and Benedict 
2016). 

From the 1990s to the present, a new generation of researchers and their academic 
descendants have given fresh impetus to investigating the use of Wolbachia for pest 
and vector control (Iturbe-Ormaetxe et al. 2011; Bourtzis et al. 2014; Xi and Joshi 
2016), resulting in a renewed interest in the IIT and its operational deployment 
(O'Connor et al. 2012; Mains et al. 2016, 2019; Zheng et al. 2019). The IIT has been 
under consideration for controlling the Mediterranean fruit fly Ceratitits capitata 
(Wiedemann) (Zabalou et al. 2004, 2009), the olive fruit fly Bactrocera oleae Rossi 
(Apostolaki et al. 2011), and the spotted wing drosophila Drosophila suzukii 
(Matsumura) (Cattel et al. 2018; Nikolouli et al. 2018), as well as tsetse flies (Glossina 
spp.) (Alam et al. 2011; Bourtzis et al. 2016). However, the development and 
implementation of the IIT was, and remains, the most advanced for mosquitoes, with 
open-release field trials planned or already recently undertaken for the arboviral 
and/or filarial vector species Aedes aegypti L. in Australia, Mexico, Singapore, and 
the USA (Xi and Manrique-Saide 2018; Yeung 2018; Corbel et al. 2019; Mains et al. 
2019); Aedes albopictus (Skuse) in China and the USA (Mains et al. 2016; Zheng et 
al. 2019); and Aedes polynesiensis Marks in French Polynesia (Brelsfoard et al. 2008; 
O'Connor et al. 2012); as well as for Cx. quinquefasciatus on the four islands in the 
south-western Indian Ocean (La Réunion, Mauritius, Grande Glorieuse and Mayotte) 
(Atyame et al. 2011, 2015). 


3.3. Generating and Characterizing Novel Endosymbiont Infections 


In order to control a target pest or vector species using the IIT, it is necessary to have 
incompatible individuals for mass-rearing and release. The simplest method for 
obtaining such individuals is to collect them from the field. This is possible, for 
example, if different geographic populations of a target species naturally possess 
different incompatible endosymbiont infections (Brower 1976; Chen et al. 2013). This 
was the origin of the incompatible individuals used for the first IIT trials against Cx. 
quinquefasciatus (Laven 1967, 1971), as well as other pest insects. However, there 
are several problems that require attention. 
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3.3.1. Introgressing the Nuclear Genome of the Target Population 

The first problem is that individuals from one geographic area may not be well- 
adapted to another location and may have lower mating competitiveness compared to 
local males from the target population (Barr 1966). This problem can be solved by 
using backcrosses to introgress the nuclear genome of the target population into the 
incompatible colony to be used for releases (Barr 1966; Krishnamurthy 1977), which 
is achieved by mating males from the target population to females from the 
incompatible colony. The process is repeated but using the daughters of each cross 
instead. As Wolbachia and other endosymbiotic reproductive parasites are maternally 
inherited, the outcome is a new line that possesses the cytoplasmic organelles 
(mitochondria and endosymbionts) of the original incompatible line, but now with the 
nuclear genome of the target population. 

This laborious technique is still used to create Wolbachia-infected lines (Atyame 
et al. 2011), and it remains a fundamental method for matching the genetic 
background of released individuals to the target population in the field. This technique 
was also used more recently to transfer through inter-specific introgression a naturally 
occurring Wolbachia infection into a target species (Ae. polynesiensis) from a closely 
related non-target sister species (Aedes riversi Bohart & Ingram) (Brelsfoard et al. 
2008). 


3.3.2. Generating Artificial Wolbachia Infections through Transinfection 

The second — and more significant — problem with relying on naturally-occurring 
endosymbiont infections is that it limits the availability and diversity of incompatible 
individuals, and, therefore, the insect species that are amenable to control using the 
IIT. Although endosymbionts are widespread among arthropods, many important pest 
and vector species, such as the mosquito Ae. aegypti, as well as the many mosquito 
species in the Anopheles genus of malaria vectors, are thought not to be naturally 
infected with Wolbachia (Bourtzis et al. 2014). 

Even in those species that are infected with Wolbachia, there is often no intra- 
specific geographic variation in the endosymbionts and their mating compatibilities 
(as might be expected given the nature of their reproductive parasitism), and closely- 
related infected sister taxa capable of inter-specific interbreeding may not exist. The 
many intra-strain mating types observed in Cx. pipiens, which enable the IIT against 
this target species (Laven 1967; Atyame et al. 2011), are apparently atypical (Bourtzis 
et al. 2014). Although host species are not infrequently superinfected with two or more 
endosymbiont strains, these are often found throughout their geographic range (e.g. 
Ae. albopictus) (Bourtzis et al. 2014). 

The ability to generate artificial Wolbachia infections in the laboratory through 
transinfection between individuals within the same or different host species was, 
therefore, a major breakthrough (Boyle et al. 1993; Braig et al. 1994). The application 
of these techniques has since provided renewed impetus to the use of endosymbionts 
for pest and vector control (Xi et al. 2005b; Hughes and Rasgon 2014), enabling the 
first open-release in the field of artificially-transinfected Wolbachia-infected 
mosquitoes for IIT application (Mains et al. 2016). 
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For mosquitoes, transinfection can be achieved either through embryonic (Xi and 
Dobson 2005) or intra-thoracic microinjection of adults (Ruang-areerate and 
Kittayapong 2006). However, in order to establish stable germline infections, the 
former method is regarded as the most efficient, due to the low likelihood of the 
somatic infections resulting from the latter colonizing the gonads and being 
maternally transmitted (Hughes and Rasgon 2014). For other insects, inoculation of 
larval or pupal stages has also been occasionally reported, as has transfer through co- 
rearing and predation. 

Xi et al. (2005b) successfully established the first artificial Wolbachia infection of 
mosquitoes through embryonic microinjection of the cytoplasm from endosymbiont- 
infected donor eggs (Xi and Dobson 2005), and since then, a number of different 
artificial germline Wolbachia infections have been established in mosquitoes, 
including Ae. aegypti (Xi et al. 2005b; McMeniman et al. 2009; Walker et al. 2011; 
Ant and Sinkins 2018), Ae. albopictus (Xi et al. 2005a; Xi et al. 2006; Suh et al. 2009; 
Calvitti et al. 2010; Fu et al. 2010; Blagrove et al. 2012; Ant and Sinkins 2018; Moretti 
et al. 2018b; Zheng et al. 2019), and Ae. polynesiensis (Andrews et al. 2012), as well 
as the malaria vector Anopheles stephensi Liston (Bian et al. 2013). 

Artificial transfer of Cl-inducing Wolbachia has now also been achieved in a 
number of different insect groups, including other Diptera (Drosophilidae and 
Tephritidae), as well as Lepidoptera, Hemiptera and Coleoptera (Hughes and Rasgon 
2014). 

Transinfection allows both naturally uninfected, as well as already infected, target 
species to be artificially infected with Wolbachia. In the latter instance, pre-existing 
native endosymbiont infections can either be first removed by antibiotics or 
moderately high temperature (Yen and Barr 1973; Portaro and Barr 1975; Dobson and 
Rattanadechakul 2001), and then replaced with a different strain of Wolbachia (Suh 
et al. 2009; Calvitti et al. 2010; Andrews et al. 2012). 

Alternatively, novel superinfections can be generated by adding new artificial 
infestations of Wolbachia strains to the endosymbiont strains already present in the 
target populations (Fu et al. 2010; Joubert et al. 2016; Ant and Sinkins 2018; Zheng 
et al. 2019). Establishing superinfections (especially triple infections) may be trickier 
than replacing pre-existing endosymbiont infections (due to competitive interactions 
and/or incompatibilities between different Wolbachia strains, e.g. Ant and Sinkins 
2018), but come with the added benefit of higher endosymbiont densities and broader 
somatic tissue distributions, which is thought to be of importance for altering 
pest/vector status (see Section 3.4.2) (Moretti et al. 2018b; Zheng et al. 2019), but not 
necessarily for the induction of CI. 


3.3.3. Selection of Endosymbionts for Transinfection 

The potentially unconstrained ability to transfer any Wolbachia strain between any 
host species raises the issue of selecting which endosymbiont strains to transinfect 
(Hoffmann et al. 2015). So far, only a relatively limited number of Wolbachia strains 
from well-studied hosts have been tried (Hughes and Rasgon 2014), but Wolbachia is 
an ancient, phenotypically diverse, and vast bacterial clade spread across 
phylogenetically-distant host taxa, with potentially more strains (i.e. millions) than 
infected host species (due to the occurrence of superinfection) (Werren et al. 2008). 


376 L. A. BATON ET AL. 


Although the characteristics of endosymbionts after host transfer can sometimes 
be unpredictable, and depend upon host background (Hoffmann et al. 2015), the 
behaviour of a given Wolbachia strain in one host generally provides a reasonable 
“rule-of-thumb” for predicting its behaviour in other hosts, especially if those hosts 
are phylogenetically-related, enabling some guidance in the selection of 
endosymbiont strains to be transferred. 

For example, the unusually virulent Wolbachia strain wMelPop (Min and Benzer 
1997), generally retains its pathogenicity, whether present in closely or more distantly 
related dipteran hosts. Similarly, native Wolbachia infections in mosquito species 
generally have the same characteristics when transferred to new mosquito hosts (see 
below). 

An important exception to this pattern seems to be that novel Wolbachia infections 
often have higher endosymbiont strain-specific densities and/or broader somatic tissue 
distributions, which are associated with host fitness and other phenotypic effects 
(Hoffmann et al. 2015; Xi and Joshi 2016; Ant and Sinkins 2018). 


3.3.4. Characterization of New Host-endosymbiont Associations 

Once endosymbiont-infected individuals have been found from the field or generated 
de novo in the laboratory, their host-endosymbiont association needs to be thoroughly 
characterized to determine if it is suitable for IIT application. The basic requirements 
for an endosymbiont to be used for the IIT are to induce CI, have favourable levels of 
maternal transmission, and, in general, to have low fitness costs. CI is required to 
generate the male incompatibility that enables sterilisation of wild-type females in the 
target population. Stable maternal transmission is required to ensure that males can 
cause CI, and to enable their efficient mass-production. 

If males are not infected, they cannot induce CI, and if maternal transmission is 
low then many uninfected individuals will be produced in each generation. As there 
is currently no method to separate the uninfected from the infected individuals, their 
presence during factory rearing requires more individuals to be mass-produced, and 
more males to be released, for a given level of target population suppression. In 
addition, if maternal transmission is unstable, it can result in self-incompatibility 
between superinfected individuals, compromising colony maintenance and preventing 
mass-production of appropriately infected individuals (Ant and Sinkins 2018). 

Low fitness costs of Wolbachia infection are required to enable efficient mass- 
production of large numbers of factory-reared individuals for release, as well as to 
ensure the mating competitiveness of the released males. 

Many, although not all, of the artificially infected mosquito lines have been shown 
to have these characteristics, inducing high levels (~100%) of CI, when the 
transinfected males mate with wild-type females, causing high levels (~100%) of 
stable maternal inheritance, and having no or only low fitness costs (Section 3.4.1) 
(Xi et al. 2005b; Bian et al. 2010, 2013; Calvitti et al. 2010, 2012; Blagrove et al. 
2012, 2013; Joshi et al. 2014; Zheng et al. 2019). 
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3.4. Advantages of Using Endosymbionts 


The fundamental difference between the IIT and the SIT is the sterilizing procedure: 
infection with CI-inducing endosymbionts in the former, and irradiation in the latter 
(Bourtzis and Robinson 2006). Other aspects of the IIT and the SIT tend to be common 
to all sterile-male-based methods (Alphey et al. 2010; Bourtzis et al. 2016; Dyck et 
al. 2021), although the use of endosymbionts entails some specific considerations 
(Section 5). 

As discussed above (Section 2.1), there are potentially direct and/or indirect 
harmful effects associated with irradiation-based sterilisation, which can both be 
circumvented by using Cl-inducing endosymbionts. Although the initial introduction 
of a novel endosymbiont strain into a target species is not trivial, requiring 
considerably more effort, time and specialist skill than administering a single dose of 
irradiation (Hughes and Rasgon 2014), it only needs to be done once. As Cl-inducing 
endosymbionts are maternally-inherited, once stably introduced into the germline of 
a target species, incompatibility is self-perpetuating and maintained across 
generations, so that there is no need for repeated rounds of sterilisation — with their 
associated economic and biological costs — within and across generations, as is the 
case for irradiation-based sterilisation. The use of radiation also entails various 
logistical and bureaucratic requirements (e.g. infrastructure and regulatory 
frameworks), which are not necessary when using endosymbiont infection. In 
addition, use of Cl-inducing endosymbionts allows greater flexibility with regard to 
the life cycle stages of the target species that can be released (Bourtzis and Robinson 
2006), while the SIT is often restricted by the life cycle stage at which irradiation is 
optimally performed. 

Another overlooked advantage of the IIT is that the released individuals are 
conveniently “tagged” by their endosymbiont infections: there is no need to 
additionally mark released insects using chemical dyes — which may impose fitness 
costs (Curtis et al. 1982) — in order to track them during control programmes (Bourtzis 
and Robinson 2006). Identification of infected or sterile males, or their sperm, can be 
done by PCR (O'Connor et al. 2012; Juan-Blasco et al. 2013; Mains et al. 2016, 2019; 
Zheng et al. 2019). In addition, Wolbachia may have beneficial effects on larval 
development, such as promoting faster development, and thus lower rearing costs 
(Zhang et al. 2015a; Puggioli et al. 2016). 

Some potential disadvantages of using endosymbionts, other than the major one 
of accidental female release resulting in unintended population replacement (see 
Section 3.5), are that incompatibility may decline with increasing adult male age 
(Tortosa et al. 2010), and with male sperm depletion following multiple mating 
(Bourtzis and Robinson 2006). So far, the decline in male incompatibility with age, 
which occurs with some native Wolbachia infections (Singh et al. 1976; 
Krishnamurthy et al. 1977; Calvitti et al. 2015), has not been reported for artificial 
infections (Moretti and Calvitti 2013), possibly due to the higher endosymbiont 
densities of the latter (Calvitti et al. 2015). Sperm depletion also affects the SIT, and, 
again, may occur during native Wolbachia infections, but it has been reported to have 
no effect for artificial endosymbiont infections (Turley et al. 2013). 
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3.4.1. . Cytoplasmic Incompatibility without Male Fitness Costs 

A widely-perceived advantage of the male incompatibility caused by Cl-inducing 
endosymbionts, such as Wolbachia, is that it often has either no or only minor effects 
on male quality (Pal 1966; Laven 1974; Boller et al. 1976; Brower 1976; Sinkins et 
al. 1997; Scott and Benedict 2016). Although Wolbachia infections can be highly 
virulent (Min and Benzer 1997; McMeniman et al. 2009; Suh et al. 2009; Rasgon 
2012), this is apparently atypical. In general, in their co-evolved native hosts, 
maintained under field conditions, these endosymbionts are thought to more 
commonly reside in the commensal to mutualist region of the spectrum of symbiosis 
(if their parasitic and “spiteful” reproductive manipulations are not considered) (Xi 
and Joshi 2016). CI-inducing endosymbionts can be expected to have been optimized 
over many millennia of natural selection to specifically induce sterility, while 
minimizing any harmful effects on male quality, as this would reduce their capacity 
to invade host populations (Segoli et al. 2014). 

Consistent with this theoretical understanding, native Wolbachia infections of 
mosquitoes have generally been reported to have no effects on male quality (Dobson 
et al. 2002b; Calvitti et al. 2009; Baton et al. 2013). Although several studies have 
reported reduced mating competitiveness of field released incompatible males (~30 to 
70%) (possibly due to the possession of a sterility-inducing chromosomal 
translocation in one study, and the use of chemical marker dyes in another) (Grover 
et al. 1976; O'Connor et al. 2012), the majority of studies have shown both native and 
artificially infected males to have mating competitiveness equal to that of wild-type 
males in both laboratory and field settings (Brower 1978; Curtis et al. 1982; 
Arunachalam and Curtis 1985; Blagrove et al. 2013; Moretti and Calvitti 2013; Joshi 
et al. 2014; Segoli et al. 2014; Atyame et al. 2015; Axford et al. 2016; Puggioli et al. 
2016; Zhang et al. 2016; Zheng et al. 2019), with some even suggesting increased 
mating competitiveness for incompatible males (Puggioli et al. 2016; Moretti et al. 
2018b). 

In comparison to other aspects of endosymbiotic reproductive parasites, the effects 
of CI-inducing endosymbionts on the individual components of male fitness, such as 
sperm competition, are relatively under-studied, although the highly virulent 
wMelPop strain has been found to have no effect on insemination rates, or sperm 
quantity and viability (Turley et al. 2013). However, the mating competitiveness 
studies described above imply that the individual components of male fitness are 
generally unaffected by Wolbachia infection. 

Many studies have found that Wolbachia infection has no effect on male longevity, 
while some studies have even found that artificial Wolbachia infections significantly 
increase adult male survival, which might increase the efficiency of incompatible 
males in IIT programmes (Blagrove et al. 2013; Joshi et al. 2014). A few studies have 
also compared  irradiation-based sterilisation with endosymbiont-induced 
incompatibility, but these have not always used the most appropriate comparison (i.e. 
uninfected and irradiated individuals compared to non-irradiated Wolbachia-infected 
individuals with the same genetic background) (Atyame et al. 2016; Puggioli et al. 
2016; Zhang et al. 2016; Zheng et al. 2019). In addition, standardized protocols need 
to be developed to enable robust comparison between these different sterilisation 
methods (Bourtzis et al. 2016). 
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3.4.2. Other Useful Phenotypes Enabling Tolerance of the Undesired Sex(es) 

In addition to causing incompatibility, endosymbiotic reproductive parasites like 
Wolbachia can also have a range of other phenotypic effects on their invertebrate 
hosts, including effects on both adult male and female fitness. One of the most 
important phenotypic effects is that Wolbachia can inhibit viral pathogens (Hedges et 
al. 2008; Teixeira et al. 2008), and artificially-transinfected mosquitoes have been 
shown to often strongly inhibit or completely block a variety of vector-borne 
pathogens, especially arboviruses, including dengue, chikungunya, Mayaro, West 
Nile, yellow fever, and Zika viruses, and to a lesser extent filaria and malaria parasites 
(Kambris et al. 2009; Moreira et al. 2009; Bian et al. 2010, 2013; Glaser and Meola 
2010; Andrews et al. 2012; van den Hurk et al. 2012; Aliota et al. 2016; Dutra et al. 
2016; Joshi et al. 2017; Pereira et al. 2018; Zheng et al. 2019). As well as direct effects 
on pathogen infection, endosymbionts might also indirectly reduce pathogen 
transmission, for example by reducing the survival of their adult female vectors 
(Brownstein et al. 2003; Rasgon et al. 2003; Cook et al. 2008). 

In contrast, native Wolbachia infections tend to have less predictable effects on 
vector-borne pathogens and have been reported to inhibit, enhance or have no effect 
upon them (Curtis et al. 1983; Dutton and Sinkins 2005; Bian et al. 2010; Blagrove et 
al. 2012; Graham et al. 2012; Baton et al. 2013; Bourtzis et al. 2014; Zélé et al. 2014). 
If possible, any released insects should be lower pests/vectors than the target 
population (Laven and Aslamkhan 1970; Thomas and Singh 1977). Given the 
potentially variable effects of endosymbiont infection on pest/vector status, this aspect 
of target species biology should be thoroughly characterized prior to releasing 
Wolbachia-infected insects (e.g. Zheng et al. 2019). 

The ability of Wolbachia to reduce the ability of target species to act as pests or 
vectors, enables the release of the sex(es) which are pests/vectors to be tolerated, 
compensating for imperfect sex separation (Section 2.2) (Moretti et al. 2018b; Zheng 
et al. 2019), and could be an additional means to make the release of male 
pests/vectors more tolerable (e.g. tsetse flies) (Bourtzis et al. 2016; Kariithi et al. 
2018). The ability of CI-inducing endosymbionts to reduce the ability of insects to act 
as pests/vectors also provides an important fail-safe during IIT implementation, given 
the high probability of accidental female release during operational programmes 
(Section 3.5), as unintended population replacement would then reduce pathogen 
transmission, while target population suppression would not be achieved (Zheng et al. 
2019). 


3.5. The Problem of Unintended Population Replacement 


An inherent and significant problem with the IIT, in the absence of perfect sex 
separation methods, which has been recognized since the idea of IIT use was first 
conceived, and has so far prevented its operational use, is that, unlike SIT, the 
accidental release of Wolbachia-infected females may prevent further population 
suppression by causing unintended population replacement (Barr 1966; Pal 1974; 
Curtis 1977). 
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When the IIT is deployed, release of incompatible males will prevent reproduction 
by the wild-type females of the target population, and the target population will 
become suppressed. However, if any Wolbachia-infected females are accidentally 
released along with the released males, the former may successfully begin to 
reproduce in the field, because they are compatible with the released males infected 
with same Wolbachia strain, as well as the wild-type males in the original target 
population. Consequently, after an initial period of population suppression, during 
which the reproduction of wild-type females is inhibited, the original target population 
may become replaced by a population with Wolbachia-infected individuals (Section 
3.1). 

Whether population replacement actually occurs will depend upon a number of 
parameters, such as the number of females accidentally released, and the 
characteristics of the Wolbachia infection used to make released males incompatible 
with the target population. In principle, a single female could trigger population 
replacement, if her Wolbachia infection causes high levels of CI, has high maternal 
transmission, and no fitness costs (Section 3.1). In reality, stochastic and population 
density-dependent processes mean that a single female is unlikely to leave surviving 
off-spring, even if her Wolbachia infection has no invasion threshold. Just how many 
released females are required to inevitably trigger population replacement is 
unknown, and difficult to quantify accurately in the absence of relevant empirical data. 
However, the risk of population replacement will clearly increase as the original 
uninfected target population is suppressed, because this will inevitably increase the 
relative proportion of any accidentally-released Wolbachia-infected females (and 
their descendants) in relation to the wild-type individuals of the original target 
population, increasing the likelihood that the former passes its invasion threshold 
(Section 3.1). 

Furthermore, if the original target population is eliminated, rather than merely 
suppressed, there will be a vacant niche that will be filled, by default, by any 
accidentally released females (Curtis 1977), which are now more likely to be able to 
establish a field population, as any inhibitory stochastic and density-dependent 
processes related to intra-specific competition with wild-type uninfected individuals 
will now be relaxed (Berryman et al. 1973; Weidhaas and Seawright 1976; Dobson et 
al. 2002b). Whether population replacement occurs will then mostly depend on the 
characteristics of the Wolbachia infection used to induce incompatibility (i.e. the 
Wolbachia-infected individuals might go extinct if the Wolbachia infection imposes 
severe fitness costs, but otherwise they would be expected to persist, given the general 
characteristics of the Wolbachia strains so far used for IIT application — see Sections 
3.1 and 3.4). 

Laboratory cage experiments and mathematical modelling both indicate that 
inundative releases of incompatible males, contaminated with some females, 
facilitates Wolbachia invasion and population replacement (Hancock et al. 2011; Bian 
et al. 2013; Moretti et al. 2018a; Zheng et al. 2019). In addition, artificial Wolbachia 
infections, with the requisite characteristics, have been able to invade and persist in 
field populations (Hoffmann et al. 2011, 2014). These observations reinforce the 
notion that the risk of unintended population replacement following accidental female 
release is real, and not merely a “hypothetical” or purely academic concern. 


COMBINING IIT AND SIT FOR PEST AND VECTOR CONTROL 381 


Some researchers have claimed that the risk of unintended population replacement 
can be minimized by releasing Wolbachia-infected insects that are bidirectionally 
incompatible with their wild-type target field population (Sharma et al. 1979; Calvitti 
et al. 2012; Bourtzis et al. 2014). Bidirectional CI occurs when the target population 
is infected with its own native Wolbachia strain, which causes incompatibility when 
wild-type field males mate with released females infected with a different Wolbachia 
strain that is used for IIT. The reproduction of any accidentally released females, 
therefore, will be prevented if they mate with the wild-type field males. This contrasts 
with unidirectional CI, which occurs when the target field population is either 
uninfected or infected with Wolbachia strain(s) that are not incompatible with the 
Wolbachia strain used for IIT, enabling any accidentally released females to 
successfully reproduce when mated wild-type field males. 

However, explicit mathematical modelling and laboratory cage experiments 
indicate that bidirectional CI will only provide protection against population 
replacement if the frequency of the released Wolbachia strain does not exceed its own 
invasion threshold (Dobson et al. 2002a; Moretti et al. 2018a). Although this is 
unlikely to happen for bidirectional CI at low or intermediate levels of target 
population suppression, this is not, in general, the intended endpoint of sterile-male- 
based methods, which aim for high levels of population suppression, if not population 
elimination, at which point any accidentally-released bidirectionally incompatible 
females will exceed their invasion threshold. In practice, therefore, bidirectional CI 
does not provide appreciably greater protection from population replacement than 
unidirectional CI, ifthe aim is either population elimination or merely to reduce target 
population densities below that which causes a pest/vector problem (i.e. high levels 
of population suppression). 

In addition, any released residual females are much more likely to mate with the 
males with which they are released, than with males in the field population (as the 
former are held together overnight in containers before their release, and afterwards 
released males vastly outnumber those in the field) (Zheng et al. 2019). Thus, the 
advantage from incompatible matings between released residual females and field 
males due to bi-directional CI may be negligible from a practical standing point. 

Although several small-scale short-term field trials have reported the use of the 
IIT without the apparent consequence of population replacement (O'Connor et al. 
2012; Mains et al. 2016, 2019; Zheng et al. 2019), it should be noted that in none of 
these instances was the target population sufficiently suppressed to enable the rapid 
replacement by any released Wolbachia-infected individuals which might occur as 
population elimination is approached (i.e. within the ~6 month time-scale of the 
reported results of these field trials). These studies also involved the release of 
relatively small numbers of mosquitoes using manual sex separation, which ensured 
lower female contamination rates than when using mechanical sex separation. 
However, manual separation is impractical for medium- to large-scale area-wide 
applications (Pal 1974; Brelsfoard et al. 2008; Zheng et al. 2019). As such, the above 
described small-scale field trials were probably unlikely to have released enough 
Wolbachia-infected females to enable establishment of Wolbachia-infected field 
populations. 
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4. COMBINED IIT/SIT APPLICATION 
4.1. The Solution to an “Intractable” Problem 


In order to solve the inevitable problem of accidental female release, the second series 
of IIT field trials undertaken in India during the 1970s (Section 3.2) combined the IIT 
with genetic modification of the released insects, such that they carried a 
chromosomal translocation that induced semi-sterility when they mated amongst 
themselves (Laven and Aslamkhan 1970; Brooks et al. 1976; Krishnamurthy and 
Laven 1976; Curtis 1977; Curtis et al. 1982). Although this approach seemed to show 
promise in the laboratory, under field conditions it had little impact. 

As an alternative, Curtis (1977), who described the problem of unintended 
population replacement following accidental female release during IIT 
implementation as “intractable”, proposed, nonetheless, a practical, and, as it turns 
out, viable solution: combined IIT/SIT use. His solution was to exploit the fact that 
female insects are often more sensitive than males to radiation (Bakri et al. 2005, 
2021), and to combine the HT with the SIT, such that all incompatible individuals 
destined for field release were first subjected to low-dose radiation, which would 
completely sterilize any contaminant females without affecting the incompatibility or 
quality of the simultaneously irradiated males. The combination of the SIT and the 
IIT for mosquito control is shown in Fig. 1. Although some preliminary laboratory 
investigations were undertaken by Curtis and others (Sharma et al. 1979; 
Arunachalam and Curtis 1985; Shahid and Curtis 1987), the notion of using the 
combined IIT/SIT was neglected for several decades until its re-assessment in more 
recent times (Bourtzis and Robinson 2006; Brelsfoard et al. 2009; Zhang et al. 2015b, 
2016; Kittayapong et al. 2018, 2019; Zheng et al. 2019; Kittayapong, this volume; 
Liew et al., this volume). 


4.2. Optimum Irradiation Dose for Female Sterilisation 


Combined IIT/SIT application requires that females are more sensitive to the effects 
of irradiation than males, and that this difference is sufficiently large to enable 
complete sterilisation of females without appreciably or only minimally impacting 
male quality (Curtis 1977). If this inherent biological condition is met, it is necessary 
to determine the optimum irradiation dose. At first thought, this might be considered 
to be the minimum irradiation dose required to completely sterilize females, under the 
assumption that higher doses of radiation would begin to negatively affect males, and 
thereby undermine the main rationale for using endosymbiont-induced CI. 
Accordingly, a number of preliminary studies have characterized the relative 
susceptibility of females and males to irradiation, with the aim of identifying the 
minimum irradiation dose required to completely sterilize females (Sharma et al. 
1979; Shahid and Curtis 1987; Arunachalam and Curtis 1985; Brelsfoard et al. 2009; 
Zhang et al. 2015b, 2016). These irradiation studies showed that, at least for 
mosquitoes, females are indeed more sensitive than males to irradiation, and that there 
are levels of irradiation that can completely sterilize females, without appreciably 
impacting on male quality. Importantly, these and other studies have also shown that 


COMBINING IIT AND SIT FOR PEST AND VECTOR CONTROL 383 


the irradiation treatment used to completely sterilize females has no effect on the level 
of CI induction by the co-irradiated Wolbachia-infected Ae. albopictus males (Zheng 
et al. 2019). 
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Figure 1. Schematic diagrams illustrating the combined IIT/SIT approach. (A) The four 
different types of crosses possible between wild-type uninfected and wPip-infected Aedes 
albopictus, and the role of irradiation in prevention of residual infected females from 
reproducing in the field. Red indicates Wolbachia-infected individuals (W *), while white 
indicates uninfected individuals (W-). (B) Illustration of production, irradiation, and release 
of Wolbachia-infected males with the residual females, respectively, and their mating with the 
wild population in the field. 
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The optimal irradiation dose for the deployment of the combined IIT/SIT 
approach, however, is not necessarily the minimum irradiation dose for “complete” 
female sterilisation observed in laboratory studies, as the latter use small sample sizes, 
which defines a minimum detectable level of sterility, and different irradiation 
protocols (in particular, where there is no necessity to overcrowd pupae, as required 
during mass-irradiation, which may induce radio-protective hypoxia) (Yamada et al. 
2019). It is vital for the IIT that any released females have no residual fertility, as this 
could render any current and future implementations using the same endosymbiont 
strain ineffectual. Consequently, combined IIT/SIT field releases involving millions 
of individuals need somewhat higher doses of irradiation than required in small-scale 
laboratory studies to ensure that all released females are fully sterilized (Yamada et 
al. 2019). 


4.3. Sequential IIT/SIT Application 


An alternative strategy related to the combined IIT/SIT releases to prevent population 
replacement resulting from accidental female release is a “sequential IIT/SIT” 
approach. This would involve initial IIT only releases, followed by SIT only releases 
(as opposed to the simultaneous combined IIT/SIT application in the same released 
individuals) (Atyame et al. 2016). The rationale here is that if the IIT is more efficient 
than the SIT because of the higher mating competitiveness and higher induced sterility 
of endosymbiont-infected males, large-scale only IIT releases can be used initially to 
suppress the target population, followed immediately by smaller-scale only SIT 
releases to eradicate — “mop-up” — any endosymbiont-infected individuals resulting 
from females inadvertently released during the initial phase of the IIT. 

Whether a sequential IIT/SIT approach is preferable or superior to the combined 
IIT/SIT approach is not obvious and requires a careful quantitative comparison of the 
relative costs and benefits of the two strategies. Sequential IIT/SIT releases have the 
advantage that the males released during IIT application are not irradiated, 
maximizing their mating competitiveness, and removing the  logistical 
costs/difficulties associated with large-scale irradiation (e.g. reduced male quality 
because of increased handling, etc.). However, these benefits would come with an 
increased risk of triggering population replacement in the first place (as many fertile 
females might now be released), the requirement to more carefully and rigorously 
monitor the target population to identify when/if population replacement occurs, and 
the risk of missing the optimal time window to switch to the SIT only releases (such 
that large-scale releases of relatively inefficient SIT, or other methods, would then be 
required). 

Sequential IIT/SIT releases may be more convenient and effective in highly 
localized short-term programmes against geographically-restricted and low- 
abundance target populations, where, overall, relatively few incompatible males need 
to be initially released, and therefore the risk of accidental female release is inherently 
lower, while the combined IIT/SIT is likely to be more appropriate under the opposite 
conditions (i.e. area-wide long-term programmes against geographically-widespread 
and high-abundance target populations). 
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When sequential IIT/SIT releases are used, if irradiation-based sterilisation of any 
females released during the SIT step is not complete, then these individuals could also 
establish a field population. For this reason, it might be prudent not to use for the SIT 
releases the same endosymbiont-infected insect line used for the initial IIT releases, 
so as to maintain the effectiveness of the initial insect line originally used for IIT 
should it be required for this latter purpose again (i.e. in multiple alternate rounds of 
IIT and SIT application). 

In a similar manner to that envisaged for the sequential IIT/SIT, only SIT releases 
could also be used as a fail-safe after combined IIT/SIT application, should the latter 
fail to prevent population replacement. 


5. THE FIRST OPEN-RELEASE FIELD TRIAL OF COMBINED IIT/SIT 


Despite the previous exploratory laboratory studies determining the possibility and 
optimal dose for differentially sterilizing females and males for use in the combined 
IIT/SIT approach (Section 4.2.), there had been no previous experimental or field 
evaluation of this combined strategy. Consequently, a project was initiated, involving 
collaboration between Sun Yat-sen University, Michigan State University and other 
partners, to develop and field test combined IIT/SIT releases against the important 
mosquito arboviral vector Ae. albopictus. 

This project involved a series of stages (Figs. 2 to 4), as described below, including 
initial laboratory studies to generate and then characterize an incompatible artificially- 
Wolbachia-infected Ae. albopictus line, subsequent “proof-of-concept” semi-field 
trials of the combined IIT/SIT approach, and then finally an open-field trial to 
demonstrate the feasibility of area-wide application of combined IIT/SIT releases for 
the management of an Ae. albopictus population. 


5.1. Generation and Characterization of Novel Wolbachia Infection 


The first requirement was to create a novel Wolbachia infection in Ae. albopictus that 
would generate incompatibility with wild-type males in our study area. To do this, the 
Wolbachia strain wPip was transferred by embryonic microinjection (Fig. 2) from its 
native mosquito host Cx. pipiens into Ae. albopictus, to generate the new mosquito 
line HC. This line had a similar nuclear genetic background to individuals from the 
area of our field trial in Guangzhou, China, but in addition a novel triple Wolbachia 
infection (the artificially-transinfected wPip plus its two native Wolbachia strains) 
(Zheng et al. 2019). wPip was chosen because in its native mosquito host it has 
characteristics appropriate for IIT: it causes complete CI, has perfect maternal 
transmission, and no appreciable fitness costs. Indeed, upon transfer to its new host, 
these properties were retained. 
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Figure 2. Overview of the IIT or combined IIT/SIT approach. First, a mosquito line with the 
novel Wolbachia infection is generated by embryonic microinjection. The hallmark of success 
in this step is the generation of an infected female with ~100% maternal transmission 
efficiency to pass Wolbachia into their offspring (2.1). Then, the infected individuals are 
mass-produced in the factory (2.2), or also irradiated. The infected males are subsequently 
released into the field to induce sterility in the wild population (2.3). The density of the wild- 
type uninfected population is monitored to measure the effect of population suppression (2.4). 
Red indicates individuals carrying the novel Wolbachia infection, while white represents 
wild-type individuals. 


In laboratory studies, HC males caused complete CI when mated with wild-type 
females and had perfect maternal transmission (Zheng et al. 2019). There were also 
no differences between HC and wild-type Ae. albopictus in fecundity (number of eggs 
laid), fertility (egg hatch), larval/ pupal/ adult male or female survival, sex ratio or 
body size, although HC had a slightly faster larval development and adult emergence 
times (Zhang et al. 2015a). In addition, female HC had higher Wolbachia densities 
than wild-type females, and lower susceptibility to dengue and Zika virus infection, 
with both horizontal and vertical transmission of these arboviruses significantly 
reduced (Zheng et al. 2019). Although target population suppression/elimination was 
the aim of our field trial, the reduced vector competence of HC provided an important 
fail-safe should accidental female release and subsequently population replacement 
have occurred (Section 3.4.2) (Zheng et al. 2019). 


5.2. Laboratory and Semi-field UT/SIT Trials 


A series of experimental laboratory studies were undertaken to characterize the HC- 
line further, and to confirm that it could be used for combined IIT/SIT releases. 
Laboratory cage experiments indicated that HC male mating competitiveness was 
equal to that of wild-type males (Zhang et al. 2016; Zheng et al. 2019). They also 
showed that HC females could cause population replacement, when seeded into cages 
containing wild-type individuals, with the speed of this population replacement being 
enhanced when excess HC males (4:1 ratio with wild-type males) were 
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simultaneously released (Zheng et al. 2019). As these experiments demonstrated the 
potential of accidentally released HC females to trigger population replacement 
during IIT application, the minimum irradiation dose (28 Gy) necessary to completely 
sterilize HC females was identified. This dose caused extensive damage to the ovaries, 
and hence prevented egg-laying as well as the establishment of wPip-infected 
individuals in a small laboratory cage population (Zhang et al. 2015b). This irradiation 
dose also did not affect mating competitiveness or survival of HC males, nor did it 
reduce CI induction (Zhang et al. 2016). 

A subsequent semi-field trial was undertaken in field cages, which simulated the 
accidental release of HC females, in order to provide the first “proof-of-concept” that 
combined IIT/SIT application could prevent unintended population replacement 
(Zheng et al. 2019). Replicate control and experimental wild-type populations were 
established in large cages, into which irradiated excess HC males were repeatedly 
released (5:1 ratio with wild-type males), each time together with sufficient irradiated 
HC females to mimic a 2.0% contamination rate of the released HC males. Successful 
eradication of the wild-type populations occurred in all three of the field cages, 
without the occurrence of population replacement by the released wPip-infected HC 
mosquitoes, demonstrating that the combined IIT/SIT strategy works. Having 
demonstrated experimentally that the combined approach works, an open-release field 
trial was implemented in Guangzhou, China. 


5.3. Mass-production for Field Release 


In order to produce sufficient numbers of irradiated-incompatible males for open- 
release during our combined SIT/IIT field trial, it was necessary to optimize rearing 
protocols and to develop new equipment to enable factory-scale mass-rearing and 
pupal irradiation (Fig. 3). Artificially-Wolbachia-infected mosquitoes do not require 
special rearing conditions and can be reared using the same protocols as those used 
for uninfected/wild-type individuals. However, some care should be given to ensure 
that Wolbachia-infected mosquitoes are not exposed to high temperatures or 
antibiotics (e.g. via their larval food or adult blood meals), as this could potentially 
remove their endosymbionts. In addition, larval rearing conditions may affect 
Wolbachia density, and, hence, possibly the level of CI expression, as well as maternal 
transmission of the endosymbiont (Puggioli et al. 2016). Consequently, it should be 
confirmed during the early stages of mass-production that the rearing conditions used 
do not adversely affect either the reproductive incompatibility or the quality of the 
males produced (Zhang et al. 2017, 2018). 

For mass-rearing of larval mosquitoes, many rearing trays are required, thus 
several units for holding and storing large numbers of trays in order to improve space 
utilization have been developed at the FAO/IAEA Insect Pest Control Laboratory 
(IPCL) in Seibersdorf, Austria, and at the Wolbaki Institute of Biological Sciences in 
Guangzhou, China (Balestrino et al. 2012, 2014a; Zhang et al. 2017). The first 
generation “Wol-unit” holds 40 larval rearing trays, while only occupying 0.68 m? of 
floor space, and enables simultaneous rearing of 264 000 larvae, generating up to 
89 000 male pupae per rearing cycle (Zhang et al. 2017). 
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Figure 3. The different stages of the first combined IIT/SIT field trial against Ae. albopictus in 
Guangzhou, China. Photographs illustrating the nine different stages of the combined HT/SIT 
field trial. In stage 1-3, artificially-triply-Wolbachia-infected adults, eggs and larvae were 
mass-produced in the mosquito rearing factory. In stage 4, a Fay-Morlan sorter was used for 
sex separation of pupae, followed by stage 5 with the Wolbaki® X-ray irradiator custom- 
made for the field trial to enable pupal irradiation. In stage 6, the sex-separated males were 
packed into buckets for mass-release. After quality control of emerged adult males by manual 
checking for contaminant adult females (stage 7), those buckets were delivered by vehicle to 
release sites (stage 8), as shown in the satellite images of the control and release sites (map 
data: Google, DigitalGlobe). Field populations were monitored through samples collected 
each week for diagnosis of wPip infection using PCR (stage 9). 
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The “FAO/IAEA-unit” (Balestrino et al. 2012) holds 50 larval rearing trays, 
covers 0.94 m? ground area, has a capacity to hold 900 000 larvae, and can generate 
314 000 male pupae per rearing cycle (Zhang et al. 2017). The second generation 
“Wol-unit 2.0” is based on the FAO/IAEA-unit and holds 100 larval rearing trays, 
covers 1.2 m? ground area, has a capacity to hold up to 1.5 million larvae, and can 
generate 550 000 male pupae per rearing cycle. A comparison between these three 
larval rearing units for Ae. albopictus is summarized in Table 1. The Wol-unit 2.0 is 
recommended for medium to large-scale applications as it requires relatively less 
space and enables more male pupae to be generated per unit. 


Table 1. Comparison between three larval rearing units for production of one million 
Aedes albopictus males 


Parameter Wol-unit FAO/IAEA-unit Wol-unit 2.0 
Number of trays per unit 40 50 100 
Number of larvae reared 2.64 9.0 15.0 

per unit (10?) 

Number of male pupae 0.89 3.14 5.5 


acquired per unit (10?) 


Dimensions per unit 
(m,L* W * H) 


Ground area per unit (m?) 
Quantity (unit) 

Total space (m?) 

Labour - Adding water 
Labour - Pupae/Larvae 
collection 


Labour - Cleaning 


0.97 x 0.70 x 1.85 


0.68 
11.2 
7.6 


Manual operation 


Manual operation 


Manual operation 


0.78 x 1.2 x 2.10 


0.94 
32 
3.0 


Semi-automatic 
operation 


Semi-automatic 
operation 


Semi-automatic 


1.41 x 0.84 x 2.1 


1.2 
1.9 
2.3 


Semi-automatic 
operation 


Semi-automatic 
operation 


Semi-automatic 


operation operation 
Price Low High Medium 
Application Small size factory Medium size factory Medium/Large size 


factory 


For holding of adult mosquitoes, a suitable cage structure is important to maximize 
egg production. A prototype mass-production cage based on a design originally used 
for Mediterranean fruit flies, had been previously developed at the IPCL that allowed 
sugar and blood-feeding, as well as a simplified egg collection system that minimized 
the risk of mosquito escapes (Balestrino et al. 2014b; Mamai et al. 2017). However, 
we found that the egg production of Ae. albopictus was quite low, i.e. an average of 
~16 eggs per female per blood meal. As rearing density seems to be the main factor 
causing low egg production (Balestrino et al. 2014b), the cage height was reduced 
and, together with the addition of ATP to the blood meal, we were able to increase 
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egg production to an average of ~70 eggs per female given two blood meals (Zhang 
et al. 2018). The modified mass-production cage and mass-rearing protocol described 
currently enables the Wolbaki factory to produce 10 million Ae. albopictus eggs every 
15 days (Zhang et al. 2018). 

Male and female pupae of mosquitoes in the genera Aedes and Culex can be 
separated on the basis of size differences by using sieves or glass separators, although 
the traditional equipment is laborious to use (McCray 1961; Focks 1980; Balestrino 
et al. 2014a). An automated glass separator has been developed at Wolbaki to reduce 
manual operation and improve sex separation efficiency. 


5.4. Irradiation of Pupae for Release 


An irradiator specific for mosquito pupae was required for our field trial. Gamma rays 
have been the most common type of radiation used for insect sterilisation, because of 
their high energy and penetration (Bakri et al. 2021). However, the use of gamma rays 
is challenging because of regulatory, logistical and economic issues, related to safety, 
security, recycling, transportation, storage and initial cost. Consequently, in the past 
decade the use of X-rays has been suggested as a potential alternative to gamma rays 
(Mastrangelo et al. 2010; Ndo et al. 2014; Yamada et al. 2014a; FAO/IAEA 2017). 

For insect sterilisation, a dose uniformity ratio (DUR: the maximum dose divided 
by the minimum dose) below 1.2 is required, in order to ensure a uniform dose is 
given to the irradiated individuals (Yamada et al. 2019). Dose uniformity is required 
to ensure that males do not receive unnecessarily high doses of radiation, which might 
needlessly reduce their quality, and is important for the combined IIT/SIT, where it is 
vital that a// contaminant females are sufficiently irradiated to ensure complete 
sterilisation. However, the X-ray irradiators currently available on the market with the 
recommended DUR are not suitable for larger-scale applications using mosquitoes, 
because either only a small number of pupae can be simultaneously irradiated 
(RS 2000, Biological System Irradiator, RadSource, Georgia, USA), or they require 
relatively frequent replacement ofthe costly X-ray tube and are inconvenient for pupal 
irradiation (RS 2400) (Yamada et al. 2014a). 

Consequently, Wolbaki in cooperation with the FAO/IAEA, developed a new X- 
ray irradiator — “the Wolbaki irradiator" — specifically designed for pupal irradiation, 
which meets the technical requirements and large-scale processing capacity required 
for our field trial. The irradiator is equipped with a ray tube at a 40-degree angle, and 
with a maximum power of 4.5 kW. At a horizontal distance of 30 cm from the 
radiation source, the dose rate is measured at 3.2 Gy/min through a 0.3 mm copper 
filter. A rotary table for holding canisters is set up for horizontal rotation during 
exposure. Two separated canisters, with a total loading capacity of one litre male 
pupae, can be vertically swapped at half target dose. The DUR is reduced to 1.07 by 
rotating and swapping during exposure. 

As described above, the optimum irradiation dose for sterilizing of contaminant 
females for field release is likely to be appreciably higher than that indicated by a 
naive interpretation of laboratory data based on very small sample sizes. Accordingly, 
we erred on the side of caution, and chose an irradiation dose of 45 Gy to ensure the 
success of our field trial (i.e. no fertile contaminant females released). 
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5.5. Open-Release in the Field and Entomological Surveillance 


The open-release field trial was undertaken over a 2 to 3-year period (2016-2018) on 
two residential islands in Guangzhou, with each release site having its own control 
sites (Fig. 3) (Zheng et al. 2019). The field trial started a year earlier in Release Site 1 
(2014 compared to 2015 for Release Site 2), with an initial pilot test of the IIT only 
in Release Site 1 during 2015, and a test of the combined IIT/SIT strategy being 
performed simultaneously in both sites during 2016 and 2017. 

In the years prior to the male HC releases, base-line entomological surveys were 
carried out in both sets of control and release sites to confirm their suitability for the 
field trial (2014 for Site 1 and 2015 for Site 2; Fig. 4). 

For the pilot test of IIT only, non-irradiated HC mosquitoes, from which the 
females had been removed by a combination of mechanical and manual sex sorting, 
were released during the mosquito breeding season (March to October). Initially, 
males were released throughout the entire area of Release Site 1, and the target field 
population was suppressed by as much as 55% (March to May; Fig. 5). However, as 
the mosquito breeding season peaked (late May to early June), the level of population 
suppression diminished, as it was not possible to release sufficient numbers of 
Wolbachia-infected males throughout the entire release site in order to attain the 
critical overflooding ratio. This was due to the labour-intensive checks required to 
manually remove contaminant females from the released males, a rate-limiting step 
which constrained how many sex-sorted mosquitoes could be produced per week 
(given the number of staff available for our field trial). Therefore, in an attempt to 
achieve the critical overflooding ratio for the remainder of the IIT trial in 2015 (mid- 
June to October), we reduced the treated area within Release Site 1 in which males 
were released (Fig. 4B), and subsequently expanded it following the “rolling carpet” 
approach (Dyck et al. 2021), so that the local density of released males would be 
increased, without the need to release a larger number of males overall. 

After reducing the size of the release area, population suppression within the area 
of continuing releases was striking and significant, whereas very high mosquito 
densities were found in the immediately neighbouring area of Release Site 1 without 
continued releases (Fig. 4B), as well as within the control site (Fig. 5). These 
observations demonstrate the feasibility of using the IIT only for mosquito population 
suppression, and its potential for population elimination, if technological 
developments can be made that enable the large-scale mass-production — at a 
reasonable cost-effectiveness — of sufficient numbers of incompatible males lacking 
appreciable female contamination. 

A trial of the combined IIT/SIT approach was then subsequently undertaken, in 
which irradiated HC mosquitoes were released. In this instance, females were 
removed from the released mosquitoes using mechanical separation only, resulting in 
a higher level of female contamination, but which could be tolerated as the residual 
females were sterilized by irradiation. As manual checks for contamination were no 
longer used or required, it was possible to release much larger numbers of male 
mosquitoes (>10-fold) for the combined IIT/SIT approach than for the IIT alone, and 
so HC releases could be undertaken throughout the entire area of both release sites for 
the entire duration of the two-year combined IIT/SIT field trial. 
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100 ovitraps 
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Figure 4. Monitoring and comparison of egg hatch rates during IIT and combined HT/SIT 
application against Ae. albopictus in Release Site 1 in Guangzhou, China. (A) Schematic 
diagram illustrating the division of Release Site 1 into 22 zones (green boxes), and the 
location of the ovitraps and adult-collecting Biogents BG-Sentinel traps that were used 
weekly to monitor Aedes albopictus populations during the field trial. (B) Satellite image 
showing the non-release (blue box; zones 1 to 11) and release (red box; zones 12 to 22) areas 
within Release Site 1 during the IIT only phase of the field trial in September 2015 (Map 
data: Google, DigitalGlobe). Yellow circles indicate ovitrap locations, with areas 
proportional to the number of hatched eggs collected in each for that week in September 
2015. 
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Figure 5. Suppression of Aedes albopictus in Release Site 1 during the field trial in 
Guangzhou, China. The solid black lines indicate, respectively, the densities of wild-type 
adult females (A) and larvae (B) collected in Release Site 1 standardized by dividing by the 
corresponding number of individuals collected in Control Site 1 (see stage 9 in Figure 3). 
In 2014, baseline data were collected during the "pre-release" period before any compatible 
males were released. In 2015, IIT only releases were undertaken. In 2016 and 2017, 
combined IIT/SIT releases were performed. The horizontal black dashed lines indicate the 
relative level of larvae/adults in Control Site 1. The vertical green dashed line indicates the 
onset of IIT-only releases of incompatible males, while the vertical blue dashed line indicates 
onset of combined HT/SIT releases of irradiated incompatible males. 
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Overall, during the mosquito breeding seasons of 2016 and 2017, over 197 million 
factory-reared irradiated HC males were released using buckets from which adults 
emerged (Fig. 3). On average, 0.2-0.3% of the released insects were contaminant 
females. The sterile to wild male overflooding ratio was estimated at between 8.7:1 to 
15.8:1, which resulted in the near-elimination of wild-type adult female Ae. albopictus 
from both release sites, 1.e. > 94% reduction in egg hatch and up to 94% reduction in 
the apparent density of wild adult females (Fig. 5). The failure to eliminate completely 
the target populations in our release sites appeared to have been due to a low level of 
immigration. 

Importantly, we found no evidence of population replacement during the three- 
year period of our field trial: throughout the period of male releases, we carefully 
monitored not only the wild-type target population, but also used PCR to screen 
collected larvae for the wPip Wolbachia strain infecting released HC individuals. 
Although we did find a very low level of wPip-positive larvae (0.87%, 16/1844 ovitrap 
samples), confirming the potential risk of population replacement, their collection was 
spatially and/or temporally-isolated, and they did not seem to constitute a viable 
breeding population. The field population did not increase in size after its initial 
suppression, nor was there a delayed rebound increase in egg hatch over time, which 
would have been expected, as a result of compatible matings becoming more frequent, 
if wPip-infected mosquitoes had established in the field. 

Overall, these observations demonstrate that the combined IIT/SIT approach can 
(1) suppress and effectively eliminate mosquito vector populations, and (ii) provide 
protection against the risk of population replacement resulting from the accidental 
release of fertile compatible endosymbiont-infected females. 


6. FUTURE AREA-WIDE COMBINED IIT/IIT RELEASES 


Despite our successful field trial, doubts about the area-wide implementation of the 
combined IIT/SIT persist (Armbruster 2019). As with other sterile-male-based 
methods, concerns include the affordability and sustainability of large-scale mass- 
release programmes. We believe that with optimization of the protocols used in our 
field trial, the combined IIT/SIT approach can be both affordable and sustainable for 
lower-income countries, and have an important and leading role as part of area-wide 
integrated pest control programmes (see Supplementary Information to Zheng et al. 
2019). 

To completely remove the risk of population replacement and to obtain population 
suppression or elimination, pupae were irradiated with a relatively high dose in the 
mass-rearing facility (Zheng et al. 2019). In addition, the current design of the X-ray 
irradiator and canister require a large number (up to 200 000) of pupae to stay in an 
overcrowded condition for an extended period (up to 15 min). Both result in a negative 
impact on male mating competitiveness and reduced cost-effectiveness of combined 
IIT/SIT releases. Thus, efforts will be made to optimize the approach for radiation 
exposure and to further improve the design of the X-ray irradiator. 

As with any sterile-male-based method, large-scale area-wide deployment of the 
combined IIT/SIT approach would benefit from the development of improved and/or 
new methods/technologies to facilitate the efficient mass-production and mass-release 
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of sufficient incompatible males to achieve population suppression/elimination. Many 
of these requirements are not unique to combined IIT/SIT releases (Alphey et al. 2010; 
Bourtzis et al. 2016), and, as such, we do not review them here in detail, other than to 
indicate how improvements in sex separation might impact the combined IIT/SIT 
approach. 

Although the development of perfect sex separation methods is highly desirable 
(Gilles et al. 2014), the existence of such methods would negate the need and necessity 
for combined IIT/SIT, enabling IIT to be conducted without the risk of accidental 
female release resulting in unintended population replacement, and enabling the SIT 
to be conducted without risk of increased pest/vector activity. However, as described 
by Franz et al. (2021), even the best genetic sexing systems available are not perfect 
under large-scale operational programmes. In addition, where Cl-inducing 
endosymbionts and irradiation reduce the ability of insects to act as pests/vectors 
(Sections 3.4.2), the low levels of contaminant females is less problematic. 

Improvements in sex separation are likely to have their greatest impact on 
combined IIT/SIT releases by enabling the application of this method to target species 
for which there are currently either insufficient sex separation methods to enable 
mass-releases, or they are not available (e.g. Anopheles mosquitoes, which cannot be 
easily separated on the basis of size). 


7. CONCLUSIONS 


The combined IIT/SIT strategy integrates the strengths of the IIT with those of the 
SIT, and in so doing overcomes the current technological limitations of each 
approach. It can be used as an environment-friendly biopesticide to meet the current 
need for a novel solution to suppress mosquito populations and their transmitted 
diseases. Our successful field trial demonstrates the feasibility of area-wide 
application of combined IIT/SIT releases for Aedes mosquitoes. 
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SUMMARY 


Climate change, rapid global transport and land use change leading to urbanization and agricultural 
intensification have facilitated disease emergence in vulnerable regions like Southeast Asia, and also the 
global expansion of vectors and vector-borne diseases into other regions like the Americas and Europe. 
Important vector-borne diseases, i.e. dengue, chikungunya, yellow fever, and Zika are transmitted by the 
major mosquito vector species, Aedes aegypti (L.) and Aedes albopictus (Skuse). Management of Ae. 
aegypti populations in countries endemic to these diseases, especially in Southeast Asia, is not sufficiently 
effective, resulting in high morbidity and mortality in the region. Insecticide resistance has become an 
important issue, causing failure in insecticide-based vector control. Innovative or alternative 
tools/approaches are needed to effectively reduce mosquito vector populations and consequently reduce 
the diseases they transmit. A trial integrating the environment-friendly Sterile Insect Technique (SIT) and 
the insect incompatible technique (IIT) was successfully carried out on a small-scale in a semi-rural setting 
in Thailand. In this chapter, we report on the design and methodology, as well as the experience and lessons 
learned from the baseline preparation and implementation of the pilot trial. 


Key Words: Aedes aegypti, Aedes albopictus, SIT, IIT, Wolbachia, mosquito control, integrated vector 
management, vector-borne diseases 
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1. INTRODUCTION 


Vector-borne diseases are becoming increasingly a public health problem and globally 
a significant economic burden. According to the World Health Organization (WHO), 
about half ofthe world's people in over 100 countries are at risk of contracting dengue 
(WHO 2019a). Chikungunya, another viral disease transmitted to humans by 
mosquito vectors, was originally confined to Africa but has recently been spreading 
rapidly across the Indian Ocean, Europe, the Americas, Asia, and Oceania. In the last 
decade, outbreaks of Zika in several parts of the world epitomized the need for new 
and effective methodologies to manage mosquito populations vectoring these 
diseases. 

With the number of dengue cases and the number of countries affected rising 
dramatically in recent years, the socio-economic impact of mosquito-transmitted 
diseases is enormous. The overall estimated annual economic burden of dengue in 
Southeast Asia was USD 950 million, with the average annual direct costs being USD 
451 million and the indirect costs being USD 499 million (Shepard et al. 2013). In 
Thailand alone, a recent study estimated the mean economic cost of dengue at USD 
135 million per annum (Shepard et al. 2013). In the absence of affordable and 
effective vaccines and drugs to combat dengue, chikungunya, and Zika, population 
control of mosquito vectors is the most effective way of managing these diseases. 
Most vector control strategies are insecticide-based, and their widespread use has 
resulted in increased insecticide resistance among the mosquitoes. Therefore, there is 
an urgent need for alternative novel approaches for vector control. 

Aedes aegypti (L.), the yellow fever mosquito, is considered the main mosquito 
vector for dengue, chikungunya, and Zika in many parts of the world (Calvez et al. 
2017; Kotsakiozi et al. 2017; Trewin et al. 2017). Attempts have been made to control 
this invasive species, but traditional mosquito control methods, such as insecticide 
applications and source reduction by eliminating larval breeding sites have been 
insufficient for suppressing this mosquito vector and reducing disease incidences 
(Fredericks and Fernandez-Sesma 2014; Trewin et al. 2017). 

Several novel Ae. aegypti control methods, namely the Sterile Insect Technique 
(SIT) that is based on the release of irradiated sterile males (Dyck et al. 2021); the 
Incompatible Insect Technique (IIT), which depends on Wolbachia-induced 
cytoplasmic incompatibility (CT) by releasing Wolbachia-infected males (Bourtzis et 
al. 2014, Mains et al. 2016; Zheng et al. 2019); and the application of genetically 
modified mosquito strains, such as those carrying RIDL (Release of Insects carrying 
a Dominant Lethal) constructs (Thomas et al. 2000; Morrison et al. 2010; Carvalho et 
al. 2015), have recently been endorsed by the WHO to help contain the recent Zika 
virus outbreak (Zheng et al. 2015; Yakob et al. 2017; WHO 2019b). 

Both the SIT and the IIT are based on the repeated inundated release of large 
numbers of high quality sterile male mosquitoes to compete with their wild male 
counterparts in mating with wild females in a target area, thus inducing female 
sterility, which results in a reduction in the target populations (Zheng et al. 2015; 
Mains et al. 2016; WHO 2017; Zhang et al. 2017; Zheng et al. 2019) and consequently 
a potential reduction or prevention of the transmission of mosquito-borne diseases. 

As a component of area-wide integrated pest management (AW-IPM) 
programmes, the implementation of the SIT and the IIT depends on several important 
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components, including mass-rearing, sex separation, sterilisation, transportation, 
release, and monitoring (Zhang et al. 2017; Nikolouli et al. 2018; Dyck et al. 2021). 
Hence, the number of released sterile males must significantly surpass the number of 
wild males in the release area to compensate for any negative effect associated with 
domestication, mass-rearing, storage, and their overall handling, so that they can 
compete with wild males for matings with wild females, allowing the introduction of 
sufficient sterility into the wild populations (Vreysen et al. 2007; Barnes et al. 2015; 
Nikolouli et al. 2018; Dyck et al. 2021). 

The combination of Wolbachia-induced IIT and the SIT was applied together with 
initial source reduction to suppress natural populations of Ae. aegypti in a semi-rural 
vilage in Chachoengsao Province, eastern Thailand. Results of this pilot trial 
indicated successful reduction of local Ae. aegypti populations after 6 months of 
repeated releases of sterile males (Kittayapong et al. 2019). 

In this chapter, we report on the study design and methodology of this pilot trial. 
In addition, experience and lessons learned from the baseline experiments and from 
the implementation of this small-scale pilot trial are discussed. 


2. COMBINED SIT/IIT APPROACH: CONCEPT AND PROGRESS 
2.1. Sterile Insect Technique (SIT) for Mosquito Control 


The SIT is a method of insect pest control with a strong record of success against a 
wide range of agricultural pests and which potentially can work against mosquitoes 
(Dyck et al. 2021). The technique consists of repeated area-wide releases of large 
numbers of sterile males in the target area, where they will mate with native females. 
Eggs will be produced but they will not hatch. When adequate sterile to wild male 
overflooding ratios are maintained, the number of native insects decreases with each 
generation, potentially driving the native population to very low numbers or, under 
complete isolation, to local extinction. 

The SIT has been successfully implemented in large-scale operations to control 
agricultural insect pests and to prevent losses in livestock or crops of economic 
importance. Because it has no environmental impact and its relatively unobtrusive 
means of deployment, the SIT had been well accepted, even in urban areas. This 
technique has been successfully proven for over 50 years and is cost-effective for the 
population control of some major agricultural and livestock pests (Vreysen et al. 2000; 
Dyck et al. 2021). For public health pests, the SIT has been the subject of extended 
research since the late-1950s. However, it has never reached an operational level 
(Dame et al. 2009), even though it is considered to be a highly sustainable and 
environment-friendly method with, so far, no negative effect on human health 
(Alphey et al. 2010). 

The first experimental sterile mosquito releases were conducted by the United 
States Department of Agriculture (USDA) in southern Florida. A total of 32 000 
sterile Anopheles quadrimaculatus Say males that emerged from pupae irradiated 
with 120 Gy were released for three months in 1959 and in 1960; this amount was 
increased to 300 000 released over a period of nine months (Weidhaas et al. 1962; 
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Dame et al. 1964, 2009). However, the project was considered not successful as 
insufficient sterility was induced in the wild population (Dame et al. 1964, 2009). 

The Centers for Disease Control and Prevention (CDC) carried out a release trial 
in Pensacola, Florida with 110-180 Gy treated Ae. aegypti. Although 3.9 million 
sterile males were released over four months in 1960 and 6.7 million over six months 
in 1961, the project was considered a failure due to reduced sterile male 
competitiveness caused by the irradiation of the pupae (Morlan et al. 1962; Dame et 
al. 2009). 

Between 1967 and 1974, the World Health Organization/Indian Council of 
Medical Research (WHO/ICMR) and the USDA released male Culex 
quinquefasciatus Say irradiated with 60-120 Gy in India and Florida, respectively. 
The daily release rate ranged between 9000 to 15 000 sterile males. Nevertheless, 
these studies confirmed previous laboratory findings that the somatic damage was 
greater when younger pupae were treated as compared with older pupae (Patterson et 
al. 1975, 1977; Dame et al. 2009). 

In 1980, a total of 71 000 sterile Culex tarsalis Coquillett males, sterilized by 60 
Gy irradiation at the adult stage, were released in California, USA and results showed 
that these sterile males were fully competitive. However, in 1981, 85 000 sterile 
males were released, but these sterile males were not capable of seeking out the wild 
females and transferring the sterile sperm (Reisen et al. 1982; Dame et al. 2009). 

Mosquito releases have been carried out for numerous purposes related to SIT 
application, but most of them were directed at answering a specific research question 
without any anticipation of population suppression. However, a few suppression 
and/or elimination projects have been attempted, but only modest effects were 
observed on sterility of the oviposited eggs and reduction of the wild population 
density (Benedict and Robinson 2003). 

More recently, several SIT pilot projects have been initiated to answer specific 
questions (Lees et al. 2021). The effect of irradiation on sexual maturation and mating 
success of males, and the sexual competitiveness of sterile versus wild males in the 
presence of wild females of Aedes albopictus (Skuse) were studied under semi-field 
conditions in La Réunion Island (Oliva et al. 2012). In Sudan, participation of 
irradiated Anopheles arabiensis Patton males in mating swarms during the evening 
after their release was demonstrated, but their competitiveness and achieving 
successful copulation in the field was not proven (Ageep et al. 2014). 

In Mauritius, the Ministry of Health and Quality of Life has been developing an 
operational plan to assess the SIT for population reduction of Ae. albopictus to 
prevent and control chikungunya and dengue, and guidelines for site selection were 
developed with the beginning of population surveillance (Iyaloo et al. 2014). 

The first successful SIT mosquito pilot project was initiated during the summer 
of 2004 in three small towns in northern Italy. Approximately 900-1600 irradiated 
Ae. albopictus pupae were released per hectare, per week, and this continued for five 
years. The trial induced up to 68% egg sterility in the target population, 
demonstrating the potential of sterile males to suppress populations of Ae. albopictus 
(Bellini et al. 2007, 2013; Lees et al. 2015). 
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To date, there have been no large operational mosquito SIT projects, but 
operational programmes should eventually become established and more efficient 
over time (Dame et al. 2009). Experimentation and preparation processes for SIT 
application tend to be longer-term. Also, it does not have immediate effects on vector 
numbers, but impacts the size of the wild population in the next generation. In 
addition, entomological surveillance of the vector population before and during 
releases is essential to monitor the impact of any releases (Dame et al. 2009; Alphey 
et al. 2010). Nevertheless, the SIT is robust in term of both efficacy and cost when 
used in combination with other compatible methods, resulting in successful and 
sustainable vector control. Apart from being an environmentally-sound biological 
control approach, the SIT can be easily integrated with other biological control 
strategies (parasitoids, predators, and pathogens) (Vreysen et al. 2007; Barnes et al. 
2015; Nikolouli et al. 2018). 


2.2. Wolbachia-based Approach for Mosquito Control 


Wolbachia are intracellular endosymbionts belonging to Alpha-proteobacteria. They 
are found in many arthropods and nematodes, and the overall species infection rate is 
as high as 66% (Hilgenboecker et al. 2008). Wolbachia bacteria have attracted the 
interest of the scientific community because of their potential to block arbovirus 
infections 1n mosquitoes (Moreira et al. 2009; Bian et al. 2013), as well as their 
capacity to replace natural populations of insects through their CI properties (Turelli 
and Hoffmann 1995). Wolbachia-infected male insects are not compatible with their 
non-infected natural females, leading to a reduction in the egg hatch of Wolbachia- 
uninfected populations and then the replacement by Wolbachia-infected populations 
(Hoffmann et al. 2011). The benefit of CI has been widely recognized for mosquito 
vector control (Clark et al. 2002; Atyame et al. 2014; Altinli et al. 2018; Baton et al., 
this volume). 

A few years after the development of Wolbachia-transinfected Aedes mosquitoes 
(X1 et al. 2005), open field releases of these mosquitoes were carried out to evaluate 
whether CI induced by Wolbachia and their antiviral ability could be used for 
population suppression in vector control programmes. An open field release of Aedes 
polynesiensis Marks fluorescent-marked males infected with Wolbachia was 
launched in French Polynesia in 2009. The study showed that Wolbachia- 
transinfected Ae. polynesiensis males were competitive under field conditions; and 
after 30 weeks of releases, the egg hatch rate was significantly reduced in the release 
area, resulting in a reduction of the density of the local mosquito population 
(O'Connor et al. 2012). 

The feasibility of using Wolbachia triple infected Ae. albopictus as a biopesticide 
against natural Wolbachia double infected Ae. albopictus was demonstrated in 
Lexington, USA and Guangzhou, China. Both the egg hatch rate and the number of 
adult Ae. albopictus were significantly reduced following the release of Wolbachia- 
infected males in these trials (Mains et al. 2016; Zheng et al. 2019). In addition, IIT 
was demonstrated to successfully suppress natural populations of Ae. aegypti in South 
Miami, USA in order to prevent the Zika disease by releasing wAlbB Wolbachia- 
infected Ae. aegypti males (Mains et al. 2019). 
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Strict male release 1s required for IIT application to obtain vector suppression 
(O'Connor et al. 2012; Nikolouli et al. 2018; Baton et al., this volume). Indeed, the 
accidental release of females infected by Wolbachia may cause the replacement of 
the targeted population by a population carrying the Wolbachia infection, resulting 
in field populations being compatible with the released males. Therefore, IIT 
application requires the development of an efficient method for sex separation at 
mass-rearing scales, in order to strictly release only Wolbachia-infected males 
(O'Connor et al. 2012; Nikolouli et al. 2018). Different techniques like phenotypic 
sorting or genetic sexing methods based on classical genetic or molecular methods 
have been reported for separation or sexing methods (Gilles et al. 2014). However, 
these methods are not available for all target species, and some techniques involve 
the release of genetically modified organisms (GMOs), the use of which is of concern 
in the European Union, as they face public opposition. In addition to public 
acceptance, GMO releases also face regulation difficulties in some countries, 
including China and India (O'Connor et al. 2012; Nikolouli et al. 2018). 

In Australia, a risk analysis was carried out before the first release of Wolbachia- 
transinfected Ae. aegypti male and female mosquitoes into the environment for the 
purpose of population replacement (Murray et al. 2016). The first release into the field 
of Ae. aegypti males and females infected with wMel was approved and took place in 
2011 near Cairns in north-eastern Australia. The study showed that Wolbachia- 
transinfected Ae. aegypti successfully invaded and completely replaced uninfected 
wild Ae. aegypti populations (Hoffmann et al. 2011). A follow-up study indicated that 
field wMel-infected Ae. aegypti mosquitoes (F1), collected one year following the 
field release, had very low levels of dengue virus replication and dissemination. The 
frequency of wMel-infected Ae. aegypti remained at more than 90% in the mosquito 
populations for more than 3 years (Frentiu et al. 2014). The success of this first release 
has led to small- and large-scale releases of wMel-transinfected Ae. aegypti in other 
countries, in order to evaluate the effectiveness of population replacement in 
controlling dengue disease in human populations (Joubert et al. 2016). 


2.3. Development of the Combined SIT/IIT-based Approach 


Much progress has been made in recent years towards developing the required 
technology and methodology to bring mosquito sterility to field application. Hence, 
pilot releases have begun in a number of sites around the world (Lees et al. 2015). 
Since the key mosquito disease vectors are all relatively amenable to colonization 
and rearing, and in many situations the natural population densities are low, the SIT, 
the IIT, or a combination of the two, are well suited for their management (Lees et 
al. 2015). The SIT/IIT combination could in principle be applied to any targeted 
species for which an adequate and highly effective sexing system is not available 
(Zhang et al. 2015a, 2015b, 2016; Nikolouli et al. 2018; Zheng et al. 2019). However, 
successful SIT/IIT programmes will also depend on having Wolbachia strains with 
good CI and maternal transmission phenotypes, apart from an effective sexing 
system. 
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As the female mosquitoes are more radiation sensitive than males, the minimum 
dose of radiation that leads to complete sterility in females, whilst not negatively 
affecting male mating competitiveness, has been identified (Zhang et al. 2015b, 2016, 
2017; Nikolouli et al. 2018). As a result, any accidentally released Wolbachia-infected 
females are sterile, and the risk of population replacement is minimised (Lees et al. 
2015; Bourtzis et al. 2014; Zhang et al. 2017; Nikolouli et al. 2018; Dyck et al. 2021). 
Integration of the low irradiation dose with CI when using the virus-resistant strains 
of Wolbachia also minimizes any potential disease transmission by accidentally 
released sterile females. This has proven to be an efficient strategy in programmes 
targeting population suppression of Ae. albopictus (Zhang et al. 2015a, 2015b, 2016; 
Nikolouli et al. 2018; Zheng et al. 2019) and Ae. aegypti (NEA 2019; Liew et al., this 
volume). As stated by the WHO, this combined SIT/IIT technology has potential for 
long-term control of Ae. aegypti and Ae. albopictus mosquito populations, and this 
approach is considered an effective and safe strategy for the management of mosquito 
populations (WHO 2017). 


2.4. Combined SIT/IIT Pilot Trial in Thailand 


A field application of the combined SIT/IIT approach to reduce a local Ae. aegypti 
population was first demonstrated on a small-scale pilot trial with a total study area 
of 2.19 km? in the Plaeng Yao District of Chachoengsao Province, in eastern Thailand. 
Using the direct microinjection method, two Wolbachia strains from Ae. albopictus 
collected from rubber plantations in Thailand were introduced into Ae. aegypti. This 
newly developed Ae. aegypti line produced progeny infected with the Wolbachia 
strains wAIbA and wAIbB, with maternal transmission efficiency as high as 85% after 
6 generations (Ruang-areerate and Kittayapong 2006). For the combined SIT/IIT 
approach, the CI property of Wolbachia was used to sterilize natural Ae .aegypti 
mosquito vector populations, while radiation was used to avoid population 
replacement by assuring that no fertile females were accidentally released. 

Once released into nature, Wolbachia-transinfected Ae. aegypti male mosquitoes 
not only induced sterility in the females of the natural populations, but any potential 
virus transmission was also blocked in case a few female mosquitoes were 
inadvertently present in the releases into nature (Moreira et al. 2009). As the SIT/IT 
method aims at developing a vector suppression tool that is environment-friendly, no 
propagation of released mosquitoes should happen in nature. To achieve this goal, 
sterility of the Wolbachia-transinfected male mosquitoes was ensured by exposing the 
males to an appropriate irradiation dose (Kittayapong et al. 2018). 


3. STUDY DESIGN AND METHODOLOGY 


3.1. Study Site Selection 


Selection of the study site to assess SIT, IIT, or combined SIT/IIT application is 
important for the success of any pilot field trial, and general guidelines for site 
selection were considered using Mauritius as a case study (Iyaloo et al. 2014). 
However, due to the differences and uniqueness of any study site, local considerations 
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on specific details are needed. For the ideal study site, the following general criteria 
should be considered: 

a) geographically- or ecologically-isolated 

b) targeted mosquito species are dominant 

c) manageable size for surveillance and monitoring, and 

d) good cooperation of the local government and local communities. 

The study site selected for the pilot field trial of the SIT/IIT approach in Thailand 
was located in the Plaeng Yao District of Chachoengsao Province in the eastern part 
of the country, which is about 120 km southeast of Bangkok. Three study areas were 
selected: Nong Satit as the treatment area, Pleang Mai Daeng as the adjacent area, 
and Nong Sarika as the control area. The distance between the treatment and the 
control areas was approximately 12 km, whereas the distance between the treatment 
and the adjacent area was approximately 500-800 meters. 

The study areas were located among rice and cassava fields, as well as rubber and 
other plantations, which formed an ideal partial barrier to the movement of Ae. 
aegypti mosquito vectors. The selected study site was considered a typical semi-rural 
village similar to most other villages in Thailand (Fig. 1). In addition, it met the 
general criteria for site selection as previously described. 


Chachoengsao Province 
with Distric boundary 


10 Kilometers 


Figure 1. Maps and pictures showing the pilot treatment site located in Nong Satit 
Village (Village No. 10), Hua Sam Rong Sub-District, Plaeng Yao District, and 
surrounding areas in Chachoengsao Province, eastern Thailand, where sterile 

Aedes aegypti male mosquitoes were released for the first time. 
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3.2. Spatial Baseline Data Collection/Mapping of Study Sites 


Spatial data obtained from a geographic information system (GIS), supplemented with 
‘ground truthing,’ were used to characterize spatial distribution and patterns of 
households located at the study areas. Handheld Global Positioning System (GPS) 
sets were used to record all houses in the study site, and ArcMap software (ESRI, 
Redlands, California) was used to develop a GIS map (Chansang and Kittayapong 
2007; Kittayapong et al. 2008). This GIS map was useful in determining the sampling 
households (Fig. 2). 


500-800 m 


y 


@ = Sampling houses (O = Houses located in study areas 


Figure 2. GIS map of the study site (upper left), including the treatment, adjacent, and 
control areas, and the sampling houses and other houses located in Pleang Yao District, 
Chachoengsao Province, eastern Thailand. 


3.3. Community Engagement Strategy 


Government authorities were officially informed about the project objectives and 
methodologies after the project had obtained institutional ethical approval. A 
community education campaign was organized for the communities in the study area, 
before implementation of the project, to raise awareness of vector-borne diseases and 
alternative vector control using combined SIT/IIT. Furthermore, the local leaders 
were invited to the meetings, and the key message delivered was that male mosquitoes 
cannot bite and do not feed on blood. In addition, sterile male mosquitoes in screened 
cages were brought to the community to demonstrate the key message. 
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The field release of sterile Ae. aegypti male mosquitoes was emphasized as an 
additional tool, in combination with other conventional control methods, to prevent 
vector-borne diseases. The message that other vector control measures, such as 
breeding container removal, could be applied prior to and during the release of sterile 
male mosquitoes was also emphasized, so that the community was not under the 
impression that they were fully protected from vector-borne diseases during the 
implementation of the sterile male releases. Routine classical vector control measures, 
i.e. fogging and source reduction, were applied to both treatment and control sites 
prior to the intervention. 


3.4. Entomological Surveillance and Monitoring 


Mosquito abundance and egg hatch rate of the targeted Ae. aegypti population were 
estimated in 60 and 90 households, respectively, in the treatment, adjacent, and 
control areas within the selected study site during the one-year baseline and six- 
month intervention. Mosquito abundance was determined using MosHouse sticky 
traps and MosVac portable vacuum aspirators (Go Green Co., Ltd., Nakhon Pathom, 
Thailand). MosHouse sticky traps (Fig. 3) were distributed to 60 households to 
sample adult mosquitoes in the treatment, adjacent, and control areas. 


Sticky@Mosquitof rapMosHouse)2 


Figure 3. Picture showing the MosHouse sticky trap, the portable mosquito 
vacuuming aspirator, and the ovitrap that were used for surveillance and 
monitoring of natural Aedes aegypti populations in the study site. 


The MosHouse traps were left in houses for one week before the sticky panels 
were collected and brought back to the laboratory to identify mosquito species and 
to determine relative mosquito abundance. In addition, the portable MosVac 
aspirators (Fig. 3) were used to collect resting mosquitoes in the same 60 households. 
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Sampled mosquitoes were killed by freezing and transported to the field laboratory 
station for species identification. The total number of Ae. aegypti males and females 
was recorded monthly for a total of two years to determine the dynamics of the 
different wild Ae. aegypti populations. 

Ovitraps (Fig. 3) were distributed in 90 households to allow oviposition and then 
to collect Ae. aegypti eggs. The filter papers with eggs were collected on a weekly 
basis and brought back to the laboratory .The eggs that dried on the filter paper were 
counted and then hatched in water after 2-3 days. The number of eggs hatched was 
used to determine the sterility of natural Ae. aegypti populations. 


4. EXPERIMENTS REQUIRED BEFORE THE PILOT TRIAL 
4.1. Rearing of Wolbachia-infected Mosquitoes 


Rearing is a crucial step for SIT/IIT implementation. Genomic adaptation to the mass- 
rearing environment, such as reduction in developmental time, life span, dispersal, 
and stress resistance, as well as early fertility and increased fecundity, is known to 
occur. This adaptation could make the individuals in the mass-rearing environment 
significantly different from the wild populations and affect the quality of the released 
male mosquitoes and hence, the efficacy of SIT/IIT applications (Nikolouli et al. 
2018). Moreover, artificially Wolbachia-infected mosquito lines were observed to 
have increased larval mortality and decreased adult longevity when compared with 
aposymbiotic ones (Brelsfoard and Dobson 2011). Therefore, a strategy to maintain 
genetic diversity, biological quality, and competitiveness is required (Nikolouli et al. 
2018). A high level of vigilance and consistent standardization of all processes, 
rearing conditions, and quality control needs to be maintained (Carvalho et al. 2014). 

For the SIT/IIT trial in Thailand, mosquitoes were reared at the Center of 
Excellence for Vectors and Vector-Borne Diseases, Faculty of Science, Mahidol 
University at Salaya, Nakhon Pathom, Thailand and maintained in aluminium cages 
(40 x 40 x 40 cm) in a screened insectary at a temperature of 27 + 2°C, a humidity of 
75 + 2%, and a photoperiod of L12:D12 (Kittayapong et al. 2018). Both male and 
female mosquitoes had access to a 10% sucrose solution, and females were fed with 
pig blood obtained from a qualified slaughterhouse. 

The females were offered a blood meal for 3-4 consecutive days after mating using 
a Hemotek blood-feeding system (Hemotek Ltd., UK). Thereafter, plastic containers 
with the egg papers were placed inside the cages and were collected after 3-4 days. 
The eggs were dried and transferred to glass containers with screw-top covers filled 
with deionized water for egg hatching. After the eggs hatched into first-instar larvae, 
they were counted manually and transferred into plastic trays (32 cm x 42 cm x 5 cm), 
each containing about 2,000 larvae. 

The larval diet had the following ingredients: mixed fish meal (Chanpongcharoen 
Kankaset Supplier, Thailand), pork liver powder, and yeast (Saccharomyces 
cerevisiae) (Cheese Powder Supplier, Thailand) at a ratio of 5:4:1 respectively. Each 
tray received 6.5 g of the diet every day. After 6-7 days, the developed pupae were 
placed inside plastic containers prior to sex separation. 
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4.2. Sex Separation before Sterilisation 


Population suppression using the combined SIT/IIT approach requires release of a 
large number of male mosquitoes; therefore, an efficient system to separate the males 
from the females is essential to release only sterile males into the environment. Many 
studies have attempted to develop sex separation methods, based on biological, 
genetic, and transgenic approaches to support the application of the SIT for mosquito 
control. Sieving techniques were introduced in view of size differences between male 
and female pupae (Sharma et al. 1972; Bellini et al. 2007). 

The development of genetic sexing strains (GSS), as well as other sex separation 
strategies, is currently under development and/or refinement, but none of them have 
so far succeeded in eliminating all females in order to achieve male-only releases for 
large-scale SIT or other applications (Benedict et al. 2009; Papathanos et al. 2009, 
2018; Gilles et al. 2014). 

Larval-pupal glass separators (Model 5412, John W. Hock, Co., Ltd., Gainesville, 
Florida, USA) were used to mechanically separate male and female pupae into 
different layers. The female pupae are larger in size and are collected in an upper 
layer between the two adjusted glass plates, while male pupae are drained into a 
receiving container placed below. Water circulation is supplied all along the process 
to push and wash the pupae down into the container. The female pupae are eventually 
flushed into a second receiving container, and the cycle of sex separation is complete. 

In the experiments of sex separation, one litre of water that contained about 1500 
to 2000 mixed male and female pupae were introduced each cycle into the system. 
One cycle took on average between 2 and 5 minutes, but it could take longer if the 
sample was mixed with larvae. After counting, the male pupae were transferred into 
a plastic cup and transported to the radiation source. 


4.3. Appropriate Irradiation Dose for Male Sterilisation 


Appropriate irradiation doses are different for different species of mosquitoes. Our 
preliminary studies showed that when Wolbachia-infected Ae. aegypti mosquitoes 
were irradiated at the pupal stage, an irradiation dose of 50 Gy was sufficient to obtain 
complete sterility in females, while males were fully sterilized with a dose of 70 Gy. 
Wolbachia-infected male pupae irradiated with 50 Gy could still produce some viable 
eggs when mated as adults with non-irradiated Wolbachia-infected females, the 
average percentage of egg hatch being 8%. However, egg hatch was zero when 
Wolbachia-infected males and females were irradiated with 70 Gy and then mated 
with non-irradiated Wolbachia-infected females and males, respectively 
(Kittayapong et al. 2018). 

Since the Wolbachia-infected Ae. aegypti mosquitoes used in the pilot SIT/IIT 
trial in Thailand did not express complete CI (Ruang-areerate and Kittayapong 2006; 
Kittayapong et al. 2019), the complete sterility in these experiments was obtained 
through appropriate irradiation doses. If Wolbachia strains expressing strong CI are 
used, lower irradiation doses can be applied in order to obtain complete sterility of 
Ae. aegypti mosquitoes. 
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4.4. Mating Competitiveness and Release Ratio 


Mating competitiveness of sterile male mosquitoes needs to be assessed before 
implementing a pilot SIT/IIT trial. In the past, many SIT trials were not successful in 
reducing natural mosquito populations due to the low competitiveness of sterile males 
after they were irradiated with too high doses (Dame et al. 2009). The advantage of 
the combined SIT/IIT approach is that lower dose radiation can be applied, as the 
sterility can also be induced in Ae. aegypti mosquitoes by the CI property of 
Wolbachia bacteria. 

In the cage study, under controlled laboratory conditions, sterile Ae. aegypti males 
were evaluated for their mating competitiveness with wild males and females at 
different ratios (Fig. 4). Results indicated that a ratio of 10:1:1 or above was effective, 
as it reduced egg hatch significantly. The hatched eggs/total eggs of the 10:1:1 ratio 
experimental group was 3/619 (0.27 + 0.65/103.17 + 9.09). Complete sterility was 
observed with no egg hatch at a ratio of 20:1:1. Therefore, ratios between 10:1:1 and 
20:1:1 were determined to be the optimal release ratios for the mass-reared sterile Ae. 
aegypti males, as they could compete with the wild males and induce near complete 
or complete sterility in the wild females. Our results also indicated that an irradiation 
dose of 70 Gy did not reduce mating competitiveness of the irradiated Ae. aegypti 
males (Kittayapong et al. 2019). In conclusion, our laboratory experiments 
demonstrated no significant difference in competitiveness of sterile males when 
compared to wild ones. 
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Figure 4. Mating competitiveness of sterile Aedes aegypti males at different sterile male: 
wild male: wild female release ratios in cages under controlled laboratory conditions 
(modified from Kittayapong et al. 2019). 
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4.5. Survival and Longevity of Sterile Males 


Survival and longevity of the released sterile male mosquitoes are other parameters 
that may have an impact on the success of a SIT/IIT programme. The longer the 
sterile males can live, the higher the probability of mating with a wild female. In 
nature, both wild and sterile males should have shorter life spans than those kept 
under optimal controlled conditions. The same applies to wild and sterile females. 

In our baseline experiments, carried out under controlled laboratory conditions, 
we observed that there was no significant difference in longevity between wild and 
sterile Ae. aegypti males (Fig. 5). On average, the wild males survived for 23.3 + 0.9 
days, while the sterile males survived for 23.8 + 12.1 days. However, wild females 
lived significantly longer than sterile females, i.e. an average life span of 29.6 + 1.0 
days and 18.5 + 9.8 days, respectively (p = 0.000) (Kittayapong et al. 2018). 
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Figure 5. Mean longevity and survival rate of non-irradiated (nr) and irradiated (ir) 
Wolbachia-infected Aedes aegypti male and female mosquitoes, after being sex-separated 
by using larval-pupal glass separators (modified from Kittayapong et al. 2018). 


5. EXPERIENCE AND LESSONS LEARNED FROM THE PILOT TRIAL 
5.1. Community/Public/Stakeholder Engagement 


Local stakeholders were identified. Engagement of local government authorities was 
initiated and followed up. Local government authorities coordinated with community 
leaders to initiate community engagement and facilitate community participation in 
implementing further on-site research activities, such as entomological surveillance 
and sterile male mosquito delivery using local health volunteers. Public education 
through media was carried out to raise awareness regarding vector-borne diseases and 
potential risk reduction using an alternative SIT/IIT approach. 
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From our experience, engagement of the community and public was more 
effective when it was initiated during times of epidemics. Our public engagement was 
initiated when both dengue and Zika were epidemic and people were aware of the 
consequences. Furthermore, we took advantage of related public events to draw the 
attention of the public. The first open release of sterile male mosquitoes was carried 
out on ASEAN Dengue Day, when the Ministry of Public Health of Thailand was an 
official host of regional activities (Fig. 6); hence representatives of many countries 
were present and witnessed the opening ceremony and first release of sterile males to 
fight dengue in Thailand. 

In this pilot project, the general public was engaged through several national media 
reports, and TV news and radio programmes. A total of 109 media items, including a 
documentary, international news, national news, national radio, newspaper and online 
articles, and TV shows, were produced from January 2016 to February 2018 for public 
education of the sterile male release in Thailand. 
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Figure 6. Picture showing the first release of sterile Aedes aegypti male mosquitoes on 
ASEAN Dengue Day at the study site in Pleang Yao District, Chachoengsao Province, 
eastern Thailand. 


A high number of views and sharing on social media, with the online articles 
published by reliable media publishers, was experienced (Kittayapong et al. 2019). 
Therefore, social media is an interesting additional channel to be used to communicate 
key messages to most of the general public. In addition, TV shows and documentaries 
on the topic of controlling the dengue vector through the SIT/IIT approach gained a 
lot of public attention in Thailand. 
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5.2. Handling and Transport of Sterile Mosquitoes for Open Field Release 


Ideally, the radiation source used to sterilize the male mosquitoes should be in the 
same place as the rearing facility, while the subsequent transport to the release sites 
could be either as pupae or adults. In our case, male pupae had to be transported to a 
laboratory located 120 km from the rearing site for the irradiation treatment. 
Wolbachia-transinfected Ae. aegypti male mosquitoes were produced in the screened 
insectary at the Center of Excellence for Vectors and Vector-Borne Diseases, Faculty 
of Science, Mahidol University, Salaya Campus, Nakhon Pathom, and were then 
transported to the Thailand Institute of Nuclear Technology (TINT) in Nakhon 
Nayok for sterilisation at the pupal stage of 1-2 days old using a Co source. 

Sterile male pupae were transported weekly to the study sites using temperature- 
controlled containers. Our preliminary experiments showed 100% survival of the 
chilled sterile male pupae at temperatures between 8-12?C for up to 6 hours 
(Kittayapong et al. unpublished data). 

Even though sterilisation at the pupal stage was shown to have no impact on 
mating competitiveness and the longevity of irradiated mosquitoes, it would be more 
practical to irradiate adult mosquitoes and then use the same containers for release. 
This would be less time-consuming, as the adult mosquitoes would not have to be 
transferred to the different release containers. Further experiments are needed to 
decide on the best temperature and container for chilling and transporting adults. 


5.3. Management and Implementation of Sterile Male Release 


A simple field laboratory station was set up in the city of Chachoengsao, 20 km from 
the release site in Plaeng Yao District. The research team worked with local workers 
to transfer male pupae to the release containers for adult emergence. Sterile Ae. 
aegypti males were provided with a 1096 sucrose solution as food source after 
emergence for at least one day. They were then transported to the selected study sites, 
and the public health volunteers released the sterile mosquitoes at a rate of 100-200 
per household per week. A total number of 437 980 sterile Ae. aegypti males, ranging 
from 9000 to 25 000 males per week, were released. The weekly releases were carried 
out only in the treatment area of the study site for a period of 24 weeks. 

In this pilot trial, ULV fogging was used by local government staff to reduce the 
natural populations of Ae. aegypti to low densities before the releases of sterile male 
Ae. aegypti were initiated. The vector control activities by local government staff 
were conducted in both treatment and control areas. Public health volunteers 
provided assistance with the delivery of the sterile male mosquitoes to their 
respective households (Fig. 7). 
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Figure 7. Pictures showing activities related to the release of sterile males in the treatment 
community in Plaeng Yao District, Chachoengsao Province, eastern Thailand, by the health 
volunteers and homeowners under the supervision of the research team. 


From our experience, frequent entering of private property caused some reluctance 
of a few homeowners to continue to cooperate. A visit of our staff together with the 
public health volunteers to these few houses was necessary to keep them cooperating. 
Therefore, the future planning of the release strategy should consider reducing 
disturbance of the privacy of homeowners. Open release using drones is 
recommended, especially in urban and crowded communities where intrusion into 
households is difficult. However, successful application of drone releases of sterile 
mosquitoes will need authorized and skilled operation. 


5.4. Surveillance and Monitoring of Sterile Mosquitoes after Release 


Both MosHouse sticky traps and MosVac portable vacuuming aspirators were used in 
the households of the study site for collecting both male and female mosquitoes of 
various species. MosHouse traps seemed to be more efficient in collecting Ae. aegypti 
females, while resting males were collected in higher numbers by using the MosVac 
portable vacuuming aspirators. When comparing the relative abundance of the Ae. 
aegypti mosquito populations, the average number of Ae. aegypti females sampled in 
the treatment area significantly decreased (p « 0.05) when compared to those in the 
control area, while those of males were not significantly different (p > 0.05), even 
though a large number of sterile males were released during the six-month 
intervention period in the treated areas (Table 1). 
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Table 1. Comparison of the mean numbers of Aedes aegypti males and females 
collected by using MosHouse sticky traps and MosVac portable mosquito vacuuming 
aspirators in the treatment, adjacent, and control areas in Plaeng Yao District, 
Chachoengsao Province, eastern Thailand during the six-month intervention period 
(modified from Kittayapong et al. 2019) 


Variable No. No. No. positive Total Odds 9594CI P 
House Mos- household mosquitoes Ratio 
House (Mean + (Mean + SD) (total mos- 
traps SD) quitoes) 
Males 
Control 20 20 15.83 + 1.6 193 1 
(32.17 + 4.07) 
Adjacent 20 20 10.00 + 3.4 92 0.263 0.149-0.464 0.000° 
(15.33 + 6.31) 
Treatment 20 20 16.50 + 2.9 137 1.242 0.651-2.373 0.511 
(22.83 + 6.55) 
Females 
Control 20 20 17.00 + 3.2 185 1 
(30.83 + 7.05) 
Adjacent 20 20 4.83 + 1.83 35 0.056 0.029-0.108 0.000" 
(5.83 + 2.64) 
Treatment 20 20 2.67 + 1.75 16 0.027 0.013-0.056 0.000* 
(2.67 + 1.75) 


* Significant difference at p < 0.05 


It is possible that Ae. aegypti males mostly rested outside households where 
trapping and vacuuming activities took place (Table 1). The lower numbers of Ae. 
aegypti females in the treatment area compared to the control area indicate the effect 
of the sterile male releases that produced sterility in the wild Ae. aegypti females, 
resulting in a reduction in the numbers of Ae. aegypti female populations in nature 
by up to 97.30% (Fig. 8). 

MosHouse sticky trap and MosVac portable vacuuming aspirators can be 
employed as tools for monitoring SIT, IIT, or combined SIT/IIT interventions, 
especially in view of their low cost and uncomplicated deployment. The advantage 
of the MosHouse traps as compared with the MosVac aspirators is that they can be 
placed either inside or around households without disturbing the homeowners. In 
addition, large numbers of the low-cost MosHouse sticky traps can be distributed in 
different locations in the study areas, resulting in better estimates of natural Ae. 
aegypti populations, compared to using a few high-cost traps placed in only a few 
locations. 

As Ae. aegypti mosquitoes are more domestic, placing a few traps in a few 
locations could lead to a biased estimation of the total natural populations in the study 
areas. However, additional methods for collecting mosquitoes could be applied in 
combination to obtain more reliable data sets for entomological evaluation. 
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Figure 8. Mean numbers of Aedes aegypti female mosquitoes collected per households in 
Pleang Yao District, Chachoengsao Province, Thailand during the baseline (Fig. $a) and 
during the intervention (Fig. 8b) periods. Percent suppression efficiency in relation to the 
number of released sterile males per month is demonstrated in Fig. 8b (modified after 
Kittayapong et al. 2019). 


Weekly ovitrap data showed that the overall mean egg hatch was lowest in the 
treatment area, confirming the effectiveness of the sterile male release. The mean egg 
hatch for the treatment, adjacent, and control areas were 0.20 + 0.10, 0.24 + 0.14, and 
0.41 + 0.08 respectively; while those for the second twelve weeks were 0.18 + 0.09, 
0.25 + 0.16, and 0.54 + 0.11 respectively (Fig. 9). 

There was a significant difference (p « 0.05) in mean egg hatch between the first 
and the second twelve weeks of sterile male releases (Table 2 and Table 3). The 
released sterile males seemed to show positive effects in reducing hatched eggs in the 
natural Ae. aegypti mosquito populations, in both the treatment area and the adjacent 
area, when compared to the households monitored in the control area (Fig. 9). 

Except for a few outliers, egg hatch decreased to zero or near zero in most of the 
households monitored in the treatment area and adjacent area (Table 2). Since very 
low numbers of Ae. albopictus were found in this study area, especially in households, 
we could assume that the unhatched eggs were mostly from Ae. aegypti (Table 2 and 
Table 3). 
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Figure 9. Mean egg hatch rate of natural Aedes aegypti mosquito populations over 


time in the treatment, adjacent, and control 


areas of the study sites during the 


baseline (a) and during the intervention (b) periods. Percent suppression efficiency 


in relation to the number of released sterile 


males per week is demonstrated in 


Fig. 9b (modified after Kittayapong et al. 2019). 


5.5. Quality Control of Sterile Mosquito Production 


Quality control to test for sterility of irradiated Wolbachia-infected Ae. aegypti males 
can be done through mating studies between mass-produced sterile males and 


untreated females from established mosquito 


colonies with no Wolbachia infection, 


originally collected from the same study site. Zero or near zero egg hatch was 


expected for each production lot. Mating test 


s performed during the 24-week open 


field trial in Plaeng Yao District, Chachoengsao Province, eastern Thailand indicated 
that the average numbers of hatched eggs in most production lots were quite low, i.e. 


1.04 + 2.18, which demonstrated that the 


irradiated Wolbachia-infected male 


mosquitoes were highly sterile (Kittayapong et al. 2018). 
In addition, Wolbachia detection by PCR was conducted in 40 sterile Ae. aegypti 
males sampled from each of the production lots, and the results showed that the mean 


percentage of Wolbachia infection was 50.21 4 
et al. 2019). 


E 0.49% in released males (Kittayapong 
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Table 2. Progressive egg hatch rate of Aedes aegypti mosquitoes in households in the 
treatment area, before and after 12 and 24 weeks of releases, when compared to 
those in households in the adjacent and the control areas 

Before releases 


After 12 weeks of releases After 24 weeks of releases 


Control |Adjacent 


Treatment | Control |Adjacent| Treatment | Control |Adjacent 


Treatment 
area 


High hatch rate (70.50) 
Moderate hatch rate (0.25-0.50) 
Low hatch rate (0.01-0.24) \ 


mE Zero hatch rate 
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Table 3. Statistical analysis of the egg hatch rate of Aedes aegypti during the six- 
month (weeks 1-12 and weeks 13-24) intervention period in the treatment, adjacent, 
and control areas located in Plaeng Yao District, Chachoengsao Province, eastern 

Thailand (modified from Kittayapong et al. 2019) 


Variable No. No. No. positive Egg hatch Odds 95% CI P 
house ovitrap household rate Ratio 
(Mean + (Mean + (Egg 
SD) SD) hatch 
rate) 
W1-W12 
Control 30 60 22.00 + 0.43 0.41 + 0.08 1 
Adjacent 30 60 24.50 + 0.39 0.24 + 0.14 1.620 0.679 — 3.862 0.277 
Treatment 30 60 18.00 + 0.50 0.20 0.10 0.545 0.252 — 1.179 0.123 
W13-W24 
Control 30 60 24.50 + 0.39 0.54 € 0.11 1 
Adjacent 30 60 19.00 + 0.47 0.25 + 0.16 0.388 0.168 — 0.897 0.027* 
Treatment 30 60 12.50 + 0.48 0.18 + 0.09 0.160 0.070 — 0.368 0.000* 


* Significant difference at p < 0.05 


Our experience confirmed that an irradiation dose of 70 Gy is optimal to induce 
sterility in 4e. aegypti male mosquitoes. In our experiments, we also observed that 
Ae. aegypti females were more radio-sensitive and that a treatment with 50 Gy was 
sufficient to obtain complete female sterility. Therefore, accidentally released 
irradiated Wolbachia-infected Ae. aegypti females in our field trial, if any, were fully 
sterile after exposure to 70 Gy, and there was no danger of further propagation or 
Wolbachia establishment in the target population. 


5.6. Female Contamination during SIT/IIT Implementation 


Sustainable suppression of Ae. aegypti populations by integration of the SIT/IIT 
depends on the release of only sterile males. Hence, sex separation of mass-produced 
male and female mosquitoes is an important step, as female contamination could lead 
to an increase in disease transmission, although it is unlikely due to their Wolbachia 
infection. Inspection of female contamination was carried out weekly during the 
twenty-four weeks of the pilot field release of sterile Ae. aegypti males at the selected 
study site in Plaeng Yao District, Chachoengsao Province, eastern Thailand. Our 
results indicate a low percentage of female contamination among sterile males, 1.e. 
0.06 + 0.10%, when Ae. aegypti pupae were separated through mechanical larval- 
pupal glass separators. Therefore, at least 99% of sterile males were purely separated 
from females (Kittayapong et al. 2018). 

In this study, we also observed a significant difference in the percentage of female 
contamination during the first and the second 12-week periods of sterile male releases, 
i.e. 0.10 + 0.13% vs 0.02 + 0.02% (p < 0.05). The percentage of female contamination 
was remarkably reduced in the second twelve weeks of intervention. This was most 
likely due to the increasing skills of the technicians operating the mechanical sex 
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separation machine. As such, we recommend hands-on training for operating 
technicians before project implementation to obtain a high efficiency in the manual 
sex separation process, and hence achieve the lowest possible female contamination 
during sterile male release. 


5.7. Impact of SIT/IIT on the Environment and Ecosystem 


The SIT/IIT approach for Ae. aegypti mosquito vectors was implemented using a two- 
step sterilisation process, combining the Wolbachia-induced IIT with the SIT using 
radiation to obtain sterile males. When these sterile males are systematically released 
into the target area, they can induce sterility in wild females after mating. Mated 
females lay eggs that cannot hatch, resulting in significant reduction in natural Ae. 
aegypti populations and subsequently, an “assumed” reduction in disease incidence 
that needs to be verified. In general, the SIT/IIT intervention is assessed to have little 
or no impact on the environment for the following reasons: 

1. Mosquitoes released into the environment are irradiated males to ensure 
sterility. Also, any accidentally released females do not transmit disease if they are 
infected with pathogen-resistant Wolbachia strains. Thus, using both CI, the property 
of the Wolbachia endosymbiont that induces sterility in wild females, and radiation to 
sterilise the Wolbachia-infected mosquitoes, makes sure that they cannot become 
established in nature. These sterile mosquitoes have shorter life spans due to either 
the Wolbachia life-shortening effect or irradiation effect, and they will not survive in 
the natural environment longer than 2-3 weeks after release (Kittayapong et al. 2019). 
However, this means that the mosquitoes need to be released systematically into the 
target area to obtain the population reducing effect. Once the native mosquito 
population is at a low level, fewer sterile males can be released. In view of their short 
life span, there should be no residual mosquitoes left in the environment a few weeks 
after termination of the release activities. 

2. As this method is species-specific, interfering only with the reproduction of the 
target population, it has no impact on beneficial insects or any other animals or 
humans, unlike chemical spraying which impacts the environment, affects non-target 
organisms, and can leave some residues. 

3. The ecosystem will obviously experience a reduction of the Ae. aegypti vectors, 
and hence a reduction of available food for animals that feed on them. However, as 
there are over hundred species of mosquitoes in the tropical zone, together with the 
low biomass of the target population, other mosquito species should be able to serve 
in the food chain for some predators; therefore, the impact on the ecosystem in this 
regard should be very low or negligible. 

Risk assessment on the use of Wolbachia for controlling mosquito vectors, both 
in terms of replacement and suppression approaches, was evaluated in the past, and a 
very low risk for the environment was reported (Popovici et al. 2010, Murray et al. 
2016; NEA 2016). 
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6. CONCLUSIONS 


The successful development and implementation of an operational SIT/IIT 
programme depends on several factors, and therefore these programmes require 
extensive and thorough planning based on available knowledge of the genetics, 
biology, and ecology of the target insect species. These include establishing and 
maintaining a Wolbachia-infected colony of the target species, understanding the field 
conditions and target population dynamics, assuring community participation, and 
assessing the potential side effects on humans and the environment. 

The SIT is an environment-friendly method. Being species-specific and leaving 
no toxic residues, it has only minimal or no non-target impact, which has been 
demonstrated for over 50 years in large scale applications against agricultural pests. 
Moreover, it can be easily integrated with other biological control strategies. In terms 
of the IIT, it has already been proven successful in pilot field trials for suppressing 
Aedes mosquito vectors. 

The pilot field trial of the combined SIT/IIT technology that was reported in this 
chapter represents the first clear proof-of-concept for the release of sterile male Ae. 
aegypti mosquitoes in Thailand (Kittayapong et al. 2019), one of the highly arboviral 
endemic countries in Southeast Asia. Our results show that the combined SIT/IIT 
approach for controlling mosquito vectors has potential for practical application as 
part of integrated vector management, working together with traditional control 
efforts to achieve better and more efficient outcomes (Zheng et al. 2019). 

Potential large-scale application of this integrated SIT/IIT approach is possible 
through a commitment by the relevant vector control organizations, who should be 
informed of the technology, especially now that it has already been proven to work 
well in a pilot field trial. 
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SUMMARY 


The strategy of aerial control of the floodwater mosquito Aedes sticticus (Meigen) in the floodplains of 
River Dalálven, central Sweden, was developed to directly address specific larval breeding areas in 
temporary flooded wet meadows and swamps. Using the Bti-based larvicide VectoBac GO, a very strong 
reduction of larval abundance is achieved, resulting in a massive decrease of blood-seeking females that 
could otherwise spread from the wetlands to feast on blood from humans and animals within 5 km or more 
from the larval biotopes. However, there is also a political demand to reduce the usage of the control agent 
through hypothetical alternatives, such as cattle grazing and mowing of the meadows, as well as 
hydrological changes of the River Dalálven. An evaluation of these measures showed that they are either 
insufficient or unrealistic in reducing floodwater mosquito abundance. Thus, we searched for other 
potential population suppression methods. Using the criteria of efficacy, environmental neutrality and 
compatibility within an integrated suppression approach, we conclude that Sterile Insect Technique (SIT) 
and the Incompatibility Insect Technique (IIT) would qualify for a pilot-scale test of their feasibility for the 
integrated control of the floodwater mosquito Ae. sticticus. The SIT and the IIT are similar strategies 
involving the release of sterile males which mate with local fertile females and result in infertile eggs. 
Prerequisites for a sterile male strategy to control Ae. sticticus include: a laboratory colony of the species, 
a facility for mass-rearing of mosquitoes, the sterilisation of males, a transport strategy, a dispersal system, 
assay systems for several life stages, and a method capable of reducing the population ofthis superabundant 
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species before commencing the sterile male release. One factor in favour of implementing the SIT or IIT 
against Ae. sticticus is that mating occurs in or near well-defined larval breeding areas with specific relation 
to flood events. Another factor in favour of the SIT or the IIT is the availability of existing methods to 
measure gender, larvae and egg abundance. Also, existing Bti-treatments can substantially lower the 
population size before sterile male release. Other prerequisites, like the successful colonization of Ae. 
sticticus will require more tests and adaptations of existing mosquito rearing protocols. A pilot study is 
suggested for an isolated study area, protected from reinvasion by Ae. sticticus-females and included in 
routine Bti-treatments. 


Key Words: Aedes sticticus, Sweden, River Dalàlven, floodplains, wetlands, Bacillus thuringiensis 
israelensis (Bti), larvicide, VectoBac G, SIT, Incompatibility Insect Technique (IIT) 


1. INTRODUCTION 


Sweden, located in the north of Europe, is a country where mosquitoes are pervasive. 
While mosquito abundances were assumed to be highest in the northernmost part of 
the country, mosquito diversity increases towards the south (Schafer and Lundstróm 
2001). Generally, snow pool mosquitoes, e.g. Aedes communis (De Geer) and Aedes 
punctor (Kirby) are the most common species found throughout the country. Nuisance 
by these univoltine mosquito species can be severe, but occurs mainly in spring and 
early summer, followed by rapidly declining numbers. 

When people in the River Dalàlven floodplains in central Sweden complained 
about mosquito problems in the 1980's and 1990's, they were not taken seriously and 
often met with the conventional wisdom that mosquito problems are much more 
severe in the north. For a long time, the actual nuisance mosquito species was 
unknown, since knowledge on the mosquito fauna in the River Dalálven region was 
insufficient. In a study from 1985, the floodwater mosquito Aedes rossicus Dolbeskin, 
Gorickaja and Mitrofanova was reported as the most abundant species (Jaenson 1986). 
Ten years later, researchers studying Sindbis virus in the area needed to use protective 
clothing due to the enormous abundance of mosquitoes, but no general identification 
of nuisance species was performed (Lundstróm et al. 1996). 

In the summer of 2000, we studied mosquito species diversity in the central part 
of the region at Lake Fárnebofjárden, which coincided with one of the worst mosquito 
nuisance years due to massive floods. Mosquito sampling with CDC miniature light 
traps baited with dry ice resulted in enormous numbers (up to 61 500 mosquitoes per 
trap and night) and the predominant species was Aedes sticticus (Meigen) (Schafer et 
al. 2008). This can be compared to the maximum number of 4500 mosquitoes per trap 
and night (trap-night) from a wetland in northern Sweden (unpublished information). 

The people of the River Dalálven floodplains were desperate, and children had to 
be transported away from the area by buses to be able to swim and play outside during 
their summer vacation. Media awakened and the mosquito-infected towns in the 
region became known in the whole country. The major breakthrough in the people's 
struggle to continue living in this area was a visit from the Minister of Environment, 
Mr. Kjell Larsson, who is still the only minister to experience massive floodwater 
mosquito nuisance. His words, “You cannot have it like that" became historic; and 
resulted in the development of the first professional mosquito control in Sweden. 

The identification of the flood-water mosquito Ae. sticticus as the main cause of 
the horrendous nuisance made it the prime target species for control. Larviciding with 
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Bacillus thuringiensis israelensis (Bti) was the method of choice for its low 
environmental impact, efficacy, and practical application over large areas. 

During recent years, political pressure has created a demand for alternative 
methods to control this superabundant day-active and long-range dispersing 
mosquito, motivating us to search for new, less intrusive mosquito control methods 
suitable for area-wide use in natural wetlands. 

Below we describe development of our high-tech GIS-based strategy of direct Bri- 
based larval control (Section 2), the way forward for adapting SIT-based birth control 
for area-wide control of Ae. sticticus in natural wetlands (Section 5), and a section on 
perspectives (Section 6). 


2. DEVELOPING AREA-WIDE CONTROL OF Aedes sticticus IN NATURAL 
WETLANDS 
2.1. The River Dalálven Floodplains 


The River Dalälven covers a catchment area of approximately 29 000 kim’, originating 
in the mountains along the Swedish-Norwegian border and outflowing into the Baltic 
Sea (Fig. 1). 


Figure 1. The location of the River Dalálven in central Sweden (inlet) and the floodplains 
with its many lakes in the lower part of River Dalálven. The areas with permit for mosquito 
control treatments by Bti for 2019 are shown in orange. 
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The River Dalälven, with its main branches Västerdalälven and Österdalälven, is 
partly regulated for production of hydro-electric power. In its lower part, the river 
forms a chain of lakes connected by rapids. In these floodplains, temporary flooded 
marshes, wet meadows and alder swamps cover several thousand hectares (ha) and 
most of this area is protected by both national regulations and EU-regulations. Water 
level fluctuations are most dramatic and frequent in Lake Fárnebofjárden, which is 
protected as a National Park and contains several protected Nature Reserves and 
Natura 2000 areas. Flooding is induced by melting snow and/or heavy rainfall that 
causes increased waterflow in River Dalálven and other smaller watercourses in the 
floodplain area, and the water level can increase by 2.0 m or more in the Lake 
Farnebofjarden area. This is an area of enormous mosquito abundance and a hotspot 
for mosquito diversity (Schafer et al. 2018). 


2.2. Ecology and Behaviour of Aedes sticticus 


Floodwater mosquitoes, in particular Ae. sticticus and Aedes vexans (Meigen), are the 
predominant mosquito species in areas influenced by large rivers or lakes with water 
level fluctuations in adjacent lowlands (Becker and Ludwig 1981; Merdic and 
Lovakovic 2001; Minar et al. 2001; Schafer et al. 2008). These mosquito species 
oviposit their eggs on moist soil, into small depressions or in moss, which are 
subsequently flooded with rising water levels (Horsfall et al. 1973). The eggs are in 
diapause during autumn, winter and early spring, and remain viable for at least 4 years 
(Gjullin et al. 1950; Horsfall et al. 1973) but probably longer. When the eggs are 
flooded by shallow water, hatching of larvae is triggered by water temperature and 
decreasing oxygen level. After melting of the snow, water temperature needs to 
exceed about 8?C for eclosion of Ae. sticticus eggs (Becker et al. 2010), thus avoiding 
larval hatching during the cold seasons. Flowing water inundating the wetlands 1s 
oxygen-rich, but once the water in the inundated areas becomes stagnant, oxygen 
levels decrease due to bacterial degradation processes. This signals the appropriate 
time for larvae to hatch from the eggs. Newly hatched larvae no longer risk being 
carried away by flowing water, and the bacterial activity ensures adequate food supply 
(Becker et al. 2010). 

The synchronised hatching of Ae. sticticus larvae after a flood results in massive 
amounts of larvae at about the same time, although not all eggs hatch during the same 
flood event. This so-called ‘hatching-in-installment’ ensures survival of the 
population in case the larval breeding site dries out before development to adults is 
completed (Wilson and Horsfall 1970; Becker 1989). The development of the larvae 
to pupae and emergence of adults is temperature-dependent (Trpis and Shemanchuk 
1970; Becker 1989). The males emerge about one day before the females and need to 
rotate their hypopygium to be ready to mate. Females mate only once and store 
sufficient sperm in their spermathecae for fertilizing several egg batches (Becker et 
al. 2010). After mating, the females start searching for a blood meal to develop eggs. 
The blood-seeking Ae. sticticus females are known for their long-distance dispersal 
behaviour, covering distances of at least 10 km (Brust 1980; Sudarié Bogojević et al. 
2011). 
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Floodwater mosquitoes are multivoltine and each flood during spring and summer 
can produce a new generation of mosquitoes. Together with their capability for mass- 
reproduction, this explains the enormous numbers and the lengthy occurrence of 
floodwater mosquito nuisance over several months in summer and fall. These 
mosquitoes cause an enormous nuisance affecting every aspect of living, working and 
visiting the mosquito-infested areas, as well as the health of the human and livestock 
populations, resulting in reduced property prices. 


2.3. Area-wide Control of Ae. sticticus using Bti 


In the summer of 2000, when people once again were attacked by horrendous numbers 
of floodwater mosquitoes, the desperate call for help to reduce mosquito nuisance 
became major and repetitive news in the media at all levels. Officials of one of the 
seven affected municipalities then made the decision to initiate professional mosquito 
control operations and the other six municipalities followed the lead. 

It was rapidly clear that the only possible and realistic solution was larviciding 
using a Bti-product. In view of the multitude of protected areas in the River Dalälven 
floodplains and the high environmental awareness in Sweden, chemical control or the 
application of less specific control agents were excluded. When applied correctly, Bti- 
products are highly selective against target mosquitoes without any known negative 
effects on non-target organisms or the environment (Lundstróm et al. 2010a, 2010b; 
Caquet et al. 2011; Lagadic et al. 2013, 2016). We decided to use the ready-to-use 
product VectoBac GO), consisting of corn-cob granules coated with Bti attached to the 
granules with corn oil. 

Successful application of VectoBac G® requires detailed knowledge on the 
ecology of the target species to direct the treatments to the correct sites at the 
appropriate time. Thus, the first step for the programme against Ae. sticticus was 
precise mapping ofthe larval breeding sites. Mapping in the field started in the autumn 
of 2000 using a high precision GPS, amounting to a total area of 1170 ha near the two 
most affected towns Osterfárnebo and Tárnsjó. This method was based on vegetation 
as indicators for temporary flooded areas and was very labour-intensive. 

To speed up the mapping process and get more precise information on the 
geographic extent of inundations, another approach was needed. We decided to 
develop a high-precision digital elevation model (DEM) based on laser-scanning of 
the relevant areas. In 2003, the entire lower part of the River Dalálven was covered 
by air-borne laser-scanning. The multitudinous point measurements of the laser- 
scanning were used to create a DEM with sufficient resolution to discern height with 
centimetre precision. Since then, we use modelling with this DEM to discern the 
shallow flooded areas harbouring Ae. sticticus larvae, and to prepare the polygons to 
precisely direct the VectoBac G® larval treatments. 

The first mosquito control operation in Sweden was carried out in 2002 and 
covered in total 443 ha. In the beginning, only temporary flooded areas outside nature 
reserves, the national park and close to the towns of Österfärnebo and Tärnsjö were 
included (Fig. 2). 
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Figure 2. The gradual increase of areas with permissions for mosquito control based on 
dispersal of VectoBac G® granules by helicopter in natural wetlands, exemplified by the 
years 2002, 2009 and 2019. In 2009, some protected areas were finally included because of'a 
case won at the Supreme Environmental Court of Sweden. 


Over the years, we gradually increased the coverage of treatment areas, and 
another milestone was reached in 2009 with the first permission for treatments in 
protected areas (Fig. 2). This achievement however required a court case that was 
decided in favour of treatments at the Supreme Environmental Court of Sweden. 

Since 2016, we have permission to treat more than 10 000 ha of swamps, marshes 
and meadows and the single largest treatment so far covered 4411 ha in May 2018. 
The need for VectoBac G application varied between the years, from no application 
at all during some years when no floods took place, e.g. 2004 and 2017, to a maximum 
total of 9345 ha in 2015 (Fig. 3). In addition, the applied dosage of VectoBac G® was 
gradually reduced from 15-17 kg/ha during the first years to 11-13 kg/ha during recent 
years. This dose reduction was achieved by technical improvements regarding the 
helicopter application and navigation system used. 


2.4. Routine Control Operations 


From middle of April until end of August, the water flow fluctuations of the River 
Dalalven is followed seven days per week, and through collaboration with water 
regulation authorities we have access to a professional water flow prognosis. If there 
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is an indication of rising water levels in the lakes of the floodplain, actual inundations 
are monitored in the field and the presence of newly hatched larvae of the target 
floodwater mosquitoes assessed. It is crucial to find the first-instar larvae of Ae. 
sticticus as early as possible to maximize the time window for Bti-treatments. During 
these first days, several two person teams visit selected sites to measure the abundance 
of mosquito larvae with a standard larval dipper and to map the waterline with a 
handheld high-precision GPS. These field-collected data provide the baseline for all 
decisions on treatments. 
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Figure 3. The amount of VectoBac G applied by helicopter in the River Dalálven floodplains 
for mosquito control and the total area treated per year for the years 2002 to 2019. 


The GPS-points are transferred to a GIS-software and plotted on the DEM. The 
lakes in the floodplain are situated at different elevations, and the inundated areas are 
therefore modelled for each sub-area. As floodwater mosquito larvae are rare or 
absent in open deep water, the DEM is used to exclude those areas from treatments. 
The water depth limit for application depends on vegetation density and height as 
vegetation provides retreats for mosquito larvae in open waters. During spring floods, 
when there is little and low vegetation, areas up to 40 cm water depth are included in 
the applications, while during summer with plenty of vegetation, the limit is set at 60 
cm water depth. In the GIS, the relevant areas are defined and prepared as polygons 
for the helicopter treatments. 

Application of VectoBac G by helicopter can start approximately two to three days 
after detecting the first floodwater mosquito larvae, including the time needed to 
collect and analyse all necessary technical and biological information. Two sling 
buckets with rotating discs are calibrated for application of VectoBac G®. Using two 
buckets makes application very efficient, allowing for simple change of bucket for the 
helicopter pilot without landing (Fig. 4). 
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In the helicopter, a navigation system connected to a GPS with a high update- 
frequency reads the polygons as areas to be treated. The pilot prepares the appropriate 
flight routes with a defined distance (20-30m, exact distance 1s based on calibration 
results) between flight lines, guiding flight routes ensure complete coverage within 
each treatment area. All the VectoBac G®-applications are logged and transferred to 
the GIS for assessing the areas covered. 


Figure 4. The use of two sling buckets, combined with change of bucket without landing the 
helicopter, allows for increased speed and reduced cost for aerial application of VectoBac G 
in the River Dalálven floodplains, central Sweden (credit J. O. Lundstróm). 


All Bti-treatments should be completed before the mosquito larvae reach fourth 
instar. Therefore, especially during warm summer weeks, large floods require very 
rapid and efficient operations. Fortunately, there is almost 24 hours of daylight during 
summer in this part of Sweden. If necessary, the helicopter can apply VectoBac G&- 
from approximately 04:00 in the morning until 24:00 at night. These intensive 20 hrs 
working days require double crew on duty both on the ground and in the air. 

In May 2018, a total area of 4411 ha was treated, including areas in seven 
municipalities along an approximately 100 km stretch of the River Dalálven, the 
largest mosquito control operation so far. Treatments were completed in 5 days with 
successful reduction of floodwater mosquito larvae. Currently, more than 1100 ha of 
natural wetlands can be treated by helicopter per day. 
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2.5. Eighteen Years of Bti-based Ae. sticticus Control 


The goal for the floodwater mosquito control is to reduce mosquito abundance to less 
than 500 mosquitoes per trap-night to ensure that people in the River Dalálven 
floodplains can live normal lives during the short summer in Sweden. As mentioned, 
mosquito abundance in the area was extremely high before initiation of control and 
people were plagued by blood-seeking Ae. sticticus females, even in the centre of 
towns in the middle of the day. For example, in the centre of Österfärnebo village we 
measured 23 000 mosquitoes per CDC trap-night in August 2000 (Fig. 5). This 
measurement was before the first VectoBac G application. 
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Figure 5. The number of mosquitoes per trap night in central Österfärnebo and River 
Dalálven water discharge at an upstream station from 2000 to 2019. The goal of mosquito 
control is to reduce mosquito abundance to less than 500 mosquitoes per trap night 
(reproduced with permission from Biologisk Myggkontroll 2019). 


Since the start of mosquito control in 2002, mosquito abundance has been 
significantly reduced and since 2013, the number of mosquitoes collected in the trap 
in central Ósterfárnebo has been kept below 500 individuals per trap-night. This 
shows the effectiveness of successful Bti-applications and the results are greatly 
appreciated by both the local people and the visitors. 


3. PREVIOUSLY SUGGESTED ALTERNATIVE CONTROL METHODS 


Swedish authorities, including the Swedish Environmental Protection Agency 
(Swedish EPA), realize the importance of floodwater mosquito control and the need 
for Bti-treatments, but nevertheless want to reduce the usage of VectoBac G® in 
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favour of alternative methods. However, the enormous abundance of mosquitoes 
causing the nuisance makes this a quite complicated task, since a very dramatic 
reduction is needed to reach the less than 500 mosquitoes per trap-night required by 
the locals and visitors alike. 

For example, in Osterfarnebo village a 97.8% reduction was required to reduce 
the 23 000 mosquitoes per trap-night to the acceptable abundance of 500 mosquitoes 
per trap-night. With respect to the impressive flight range of blood-seeking Ae. 
sticticus females, this means in practical terms that at least 90% of the Ae. sticticus 
larvae in at least 95% of the shallow flooded areas within 5 km around the village 
need to be controlled (Scháfer and Lundstróm 2014). 

The alternative methods specifically suggested by the Swedish authorities are 1) 
changing the hydrology of the River Dalálven, and 2) increasing the mowing and 
grazing in the wet meadows (Lundqvist et al. 2013). 


3.1. Changing the Hydrology of the River Daldlven 


Changing hydrology for floodwater mosquito control requires stabilizing the water 
level to avoid floods and such a hydrological regime can cause a very strong reduction 
in mosquito abundance if fully implemented. However, nature conservationists 
request increased flood magnitude and duration in May and June, which is also the 
major larval production period for Ae. sticticus. Clearly, a single hydrological strategy 
will not be able to achieve the requirements for both a stable water level and increased 
flooding. In addition, this topic involves a very large number of stakeholders and 
many laws and regulations that control the water flow and water levels in different 
parts of the river. Furthermore, implementing the whole process would be very costly 
and time-consuming. Thus, reducing flood-water mosquito nuisance by hydrological 
changes of the River Dalálven, without reducing biological diversity, is a highly 
complex task that could be considered almost impossible (Hedstróm-Ringvall et al. 
2017). 


3.2. Increased Mowing and Grazing in the Wet Meadows 


The suggestion of using mowing and grazing as alternative mosquito control methods 
originates from the general opinion that mosquito nuisance was less severe more than 
a century ago, when mowing and grazing of the floodplain meadows were common. 

One study could show fewer mosquito larvae in areas with mowing and grazing 
than in areas without these methods, but this study was restricted to one year (Ostman 
et al. 2015). In an unpublished study comparing the numbers of eggs in areas with and 
without mowing, no difference was found, and thus no long-term effect of mowing or 
grazing on the abundance of floodwater mosquitoes can be expected (Ostman 2013). 

We obtained similar results when comparing our own larval surveillance data over 
15 years from areas with and without mowing and grazing Thus, although mowing 
and grazing sometimes might result in lower abundances of floodwater mosquito 
larvae, these measures cannot serve as reliable mosquito control methods. The 
potential reduction of larval abundance is too low and too unpredictable. 
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The search for effective alternatives to control Ae. sticticus in the River Dalalven 
floodplains should identify methods that could fulfil three main criteria: 1) ability to 
obtain very strong population suppression, 2) being environmentally neutral, and 
3) suitable for large-scale application in natural swamps, marshes and wet meadows. 

Evidently there are few mosquito control methods, other than larviciding with Bti- 
based products, capable of inducing such a strong population reduction without 
adding substances that might represent a distinct risk to the environment. In addition, 
Sweden is a member of the European Union and should comply with the biocide 
directive (EU 2012). 


4. NEW METHODS FOR MOSQUITO CONTROL 


Several potential new mosquito population suppression methods have surfaced in the 
last decades including the Sterile Insect Technique (SIT), the Incompatible Insect 
Technique (IIT), the Release of Insects carrying Dominant Lethality (RIDL), and 
genetically modifications based on CRISPR-Cas9 technology (Huang et al. 2017). 
The RIDL and CRISPR-Cas9 technologies have potential for strong population 
suppression, but the genetic modifications forming the strategic base for the methods 
will probably induce very strong counter-reactions from the general public, the 
Swedish EPA and other environmental protection authorities. 

The SIT is a species-specific and environmentally safe method for area-wide 
management of insect pests which relies on repeated release of a large number of 
sterile male insects (Knipling 1955, 1979, 1998; Krafsur 1998; Dyck et al. 2021). The 
population reduction effect is achieved after sterile males are released and mate with 
the wild females, which will then lay infertile eggs. If a surplus of sterile males is 
regularly released on an area-wide basis over a sufficient time period, and they 
successfully mate with the local females, ultimately this will result in suppression or 
local elimination of the target insect population. The necessary ratio of released sterile 
males to local fertile males depends on the biology of the target species, the initial 
wild population density, the risk of reinfestation from neighbouring areas, the 
competitiveness of the released sterile males, and the complementary control 
operations that can be performed (Dame et al. 2009). The SIT has and is being used 
in successful area-wide integrated pest management programmes (AW-IPM) against 
the New World screwworm fly Cochliomya hominivorax (Coquerel) the 
Mediterranean fruit fly Ceratitis capitata (Wiedemann) and other tephritid flies, tsetse 
flies, the codling moth Cydia pomonella (L.), the false codling moth Thaumatotibia 
leucotreta (Meyrick) and the pink bollworm Pectinophora gossypiella (Saunders) 
(Lindquist et al. 1992; Vreysen et al. 2007; Dyck et al. 2021; Boersma, this volume; 
Nelson, this volume; Staten and Walters, this volume). 

SIT field trials in the 1970’s and 1980’s demonstrated that it could also work 
against mosquitoes (Patterson et al. 1970; Lofgren et al. 1974; Benedict and Robinson 
2003; Dame et al. 2009). In the last decade, the Joint FAO/IAEA Programme has been 
the main driver for development of the mosquito SIT package (Lees et al. 2014; 
Bourtzis et al. 2016). The focus is on three mosquito vector species of major medical 
importance: the arbovirus vectors Aedes aegypti L. and Aedes albopictus (Skuse), and 
the malaria vector Anopheles arabiensis Patton. 
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Major technical improvements for the SIT against the two Aedes species have 
already resulted in successful SIT pilot-scale field studies, paving the way for the 
development of the SIT as a full-scale mosquito population suppression method (Lees 
et al. 2021). Successful field trials of the SIT for suppressing populations of Aedes 
mosquitoes are recorded for Ae. albopictus in Italy (Bellini et al. 2013), while a 
SIT/IIT combination was shown successful in suppressing a population of Ae. 
albopictus in China (Zhang et al. 2016; Zheng et al. 2019) and suppressing a 
population of Ae. aegypti in Thailand (Kittayapong et al. 2019). 

The IIT relies on symbiotic bacteria of the genera Wolbachia, inherited in insects, 
and that can manipulate the reproductive system of their host insects (Kittayapong et 
al. 2002; Werren et al. 2008). The incompatibility of sperm from a Wolbachia- 
infected male that fertilizes the eggs of a non-infected female, or of a female that is 
infected with another Wolbachia strain, can be used for population suppression by the 
IIT. The technique was first developed in 1967 against the lymphatic filariasis vector 
Culex pipiens fatigans in Burma, and the IIT was shown capable of eliminating the 
local mosquito vector population (Laven 1967). More recent positive results have 
been obtained in field experiments with the IIT against Aedes polynesiensis Marks 
1954, Culex pipiens quinquefasciatus Say 1823, Ae. albopictus and Ae. aegypti 
(Atyame et al. 2011, 2015; Moretti and Calvitti 2012; O'Connor et al. 2012; Ritchie 
et al. 2015; Mains et al. 2016; Strugarek et al. 2019). 

The control action of both the SIT and the IIT relies on providing a surplus of 
sexually active males that upon mating with the local females cause infertility of their 
eggs. These eggs cannot hatch to larvae, thus precluding development of new 
mosquito generations and over time the local population declines and perhaps, if 
isolated, is even locally eliminated. With the SIT, this is achieved by the release of 
sexually active mosquito males that have been sterilized by radiation. With the IIT, 
infertile eggs are the consequence of incompatibility between released sexually active 
Wolbachia-transfected males mating with local females that either are uninfected by 
Wolbachia or are infected with a different Wolbachia-strain. 

We consider the SIT and the IIT as interesting to evaluate as part of an integrated 
approach for area-wide population suppression of our target species, the floodwater 
mosquito Ae. sticticus. Being environmentally neutral, both the SIT and the IIT could, 
after population pre-treatment with VectoBac G, potentially meet the criteria of 
inducing a high level of population suppression, although they have not been tested 
against a floodwater mosquito species. 


5. PREREQUISITES FOR A STERILE MALE STRATEGY TO CONTROL 
Aedes sticticus 


Applying the SIT or the IIT for Ae. sticticus control requires a laboratory colony of 
the species, a facility for mass-rearing of mosquitoes, the sterilisation of males, a 
transport strategy, a dispersal system, monitoring systems for several life stages, and 
a method capable of reducing the population of this superabundant species before 
commencing the sterile male release. 

Differences in ecology and behaviour will demand a partially different SIT 
strategy for Ae. sticticus than for more commonly considered species Ae. aegypti or 
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Ae. albopictus (Lees et al. 2021). The latter two have continuous reproduction during 
a major part of the year and larval habitats are small, cryptic and widely dispersed. 
SIT-based control of these species requires that sterile males are released at least once 
a week over many months over mosquito habitat in domestic and rural areas. In 
contrast, Ae. sticticus larval sites are well-defined temporary flooded areas with 
synchronised batches of larvae during a flood event. Thus, SIT-based control requires 
very focused release of males in conjunction with flood events. The synchronised 
emergence of Ae. sticticus in relation to floods indicate that the release of sterile males 
during this emergence period could be sufficient to induce a high percentage of egg 
infertility in local females. However, it is probably a safer strategy to continue with 
weekly releases of sterile males for an additional 3-4 weeks after each emergence. 

Several supporting factors necessary for successful SIT or IIT application are 
already well established for Ae. sticticus, while other factors need to be dealt with. As 
shown on previous pages, an efficient method for large-scale larval suppression is 
available that can significantly reduce population size before sterile male release. One 
factor in favour of implementing the SIT or the IIT against Ae. sticticus is that mating 
occurs in or near well-defined larval breeding areas with specific relation to flood 
events. Another factor in favour of the SIT or the IIT is the availability of existing 
methods to measure gender, larvae and egg abundance. The following pages provide 
details on the major factors that need to be addressed to develop and test the SIT or 
the IIT against Ae. sticticus in Sweden. 


5.1. Egg Storage and Hatching 


The eggs of the floodwater mosquito Ae. sticticus range from 0.610 to 0.645 mm in 
length and from 0.180 to 0.215 mm in width (Gjullin et al. 1950). The eggs are 
extremely hardy and remain viable for several years (Gjullin et al. 1950; Trpis and 
Horsfall 1967), allowing for a long shelf-life and stockpiling of eggs during industrial 
mass-production year-round. Eggs could be stored at 4°C for long time periods. 

The eggs will not hatch in clean tap water but hatch readily in a willow-leaf 
infusion or when amino acids are added to the water (Gjullin et al. 1950). A reduction 
in dissolved oxygen is the main hatching stimulus for the eggs (Gjullin et al. 1950) 
with increased eclosion when the hatching media is a nutrient rich broth (Trpis and 
Horsfall 1967). Hatching of eggs can occur at 8°C, but the hatching is more efficient 
and better synchronised at higher temperatures with optimum of about 21°C (Trpis 
and Horsfall 1967). Eggs of Ae. sticticus may have to be exposed to a period of winter 
before hatching (Horsfall and Trpis 1967). 


5.2. Larval Rearing 


The development of Ae. sticticus larvae depends on temperature, diet, larval density 
and water depth (Trpis and Horsfall 1969). Water temperatures of 8°C to 32°C were 
tested, and 21°C was considered the optimum rearing temperature with maximum 
percentage maturing in the shortest time interval. At 25°C larval development was 
accelerated by 1-2 days, but mortality increased. 
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The larvae were fed liver yeast suspended in water, and for a pan with 30 larvae 
in 1700 ml of water the optimal yield was achieved when the larvae were provided 
110 mg of dry yeast equivalent per pan per day. Feeding every second day required 
doubled amount of food and feeding every third days resulted in increased mortality. 
The density of larvae, reared in 1700 ml of water at 25°C, influenced the 
developmental time. Pupation began and was completed on day 6 in pans with 30 
larvae, while pupation occurred days 7 to 10 in pans with 60 larvae and on days 8 to 
13 in pans with 90 larvae. Water depth was also important, especially at higher 
temperature both development and survival were best in very shallow water. 


5.3. Adult Rearing and Mating 


The rearing of adult Ae. sticticus may require relatively large cages of 1.0 x 2.0 x 2.5 
m (5 m?) to maintain a normal mating behaviour of the laboratory reared males. 
Mating of Ae. sticticus occurs in damp and shady areas among trees and bushes, but 
they are not forming any obvious swarms. The actual triggers of mating activity are 
unknown, and this is of course a potential obstacle when trying to establish a 
laboratory colony. Experience from colonization of other mosquito species showed 
that a combination of natural light cycle and a sufficiently sizeable cage triggered 
mating (Kuhn 2002; Lundstróm et al. 1990). Small cage size can induce a problem if 
mating couples split when not in the air, but this is not a problem with Ae. sticticus. 
Photo documentation of a mating Ae. sticticus couple in the field show that they 
continue the sexual activity even after landing on the rubber boot of the observer 


(Fig. 6). 


Figure 6. A mating couple of the floodwater mosquito Aedes sticticus, that initiated mating in 
the air and continued after they landed on the photographer 's rubber boot, in the Valmbücken 
alder swamp in July 2015 (credit J. O. Lundstróm). 
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Our strategy for colonization of Ae. sticticus will initially focus on evaluating the 
mating in relatively large cages with simulated natural dusk and dawn periods. If not 
successful, forced copulation could be used for a few generations. Experience from 
colonization of the floodwater mosquito Ae. vexans could provide additional 
suggestions (Kuhn 2002). The colonization of Ae. vexans was based on mosquitoes 
released in a walk-in cage of 5 m? and simulated dusk and dawn periods. Once the 
colony was established, Ae. vexans adapted to mating in smaller cages with a 1.4 m? 
volume. However, such changes in behaviour could be a disadvantage for the 
laboratory reared males in the competition for mating with wild females. We are also 
aware that the close ecological similarities between these two floodwater Aedes 
species of the northern hemisphere is no guarantee that colonization of Ae. sticticus 
will be successful. 

The adult mosquitoes require a food regime with constant access to 10% sugar 
solution (males and females) while the females in addition need to be provided blood 
approximately once a week for egg production. Our practical experience is that 
Swedish Ae. sticticus readily feed on bovine blood heated to 38°C and provided from 
a membrane feeder. The initial unsuccessful trials to colonize Ae. sticticus have shown 
that there is no need for a specific egg substrate, since the females readily deposit the 
eggs on moist paper. However, many details concerning larval and adult rearing and 
mating will have to be optimized before efficient rearing and mass-production of high- 
quality males will be possible. 


5.4. Sex Separation 


The male pupae of Ae. sticticus are smaller than the female pupae, allowing for 
mechanical size-based sex separation in the pupal stage. The Fay-Morlan separator, a 
mechanical sex separation method (Fay and Morlan 1959; Sharma et al. 1972; Focks 
1980), is the standard method for sex separation of Ae. aegypti and Ae. albopictus 
pupae. The sieves method to separate male and female pupae is also commonly used 
and both methods are potential options for Ae. sticticus sex separation. 

The eventual contamination with some female mosquitoes among the sterile 
mosquito males, is a serious problem. The blood-seeking females could cause 
nuisance, which may cause public aversion that severely reduces the perceived effect 
of the control strategy. In addition, females mixed with the released sterile males 
could also divert some mating away from the target native females, thereby reducing 
the effect of the SIT intervention. Therefore, an efficient and secure method of 
separating males from females in the mass-production process is imperative to the 
success of the strategy. 


5.5. Sterilisation by Ionizing Radiation 


Sterilisation of male insects for the SIT can be done by ionizing radiation or by 
chemical treatment (Bakri et al. 2021). Sterilisation by ionizing radiation that 
randomly destroys fractions of DNA in the male gonads was the first tested method. 
Sterilisation by X-ray or gamma radiation from a Co radiation chamber is nowadays 
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the standard method of sterilizing male insects for SIT application. This is an 
extremely reliable method, suitable for industrial-scale insect sterilisation. 

The use of gamma radiation for sterilisation of mosquitoes was first tested against 
Ae. albopictus in Italy (Bellini et al. 2013) and has later been more generally applied 
as the mosquito sterilisation method. However, the use of %Co requires special 
security measures, adequate regulation in the country, radiation protection protocols, 
and the initial investment is high. More recently, X-ray machines suitable for mass- 
sterilisation of male insects have been developed and are becoming available 
(Yamada et al. 2014; Bakri et al. 2021). The X-ray equipment is cheaper, requires no 
regulation in the country, and requires less security than the gamma radiation 
equipment. Also, X-ray is commonly used for medical purposes making it probably 
the least controversial method for sterilizing male Ae. sticticus. 


5.6. Wolbachia and Aedes sticticus 


The Wolbachia bacterial symbiont can be used to induce sterility through mating 
incompatibility (Bourtzis 2008; Werren et al. 2008; Rasié et al. 2014). Recently, the 
United States Environmental Protection Agency (US-EPA) has approved the release 
of Wolbachia pipientis transfected male Ae. albopictus (wPip strain; ZAP males) for 
population suppression in the District of Columbia, and in 20 states of the USA (US- 
EPA 2017; Waltz 2017). 

The use of Wolbachia for IIT implementation is dependent on knowledge about 
the eventual occurrence of natural infection in the target populations, as it requires 
that the wild female is either free of any Wolbachia bacteria symbionts or carries 
another strain of the bacteria than the infected and released males. 

A preliminary study of the occurrence of Wolbachia was carried out with Ae. 
sticticus samples collected during the regular annual mosquito surveillance 
programme in the River Dalálven floodplains by Biologisk Myggkontroll (Schafer et 
al. 2018). Wolbachia-specific PCR screening, as reported in Kittayapong et al. (2000), 
was carried out in 279 mosquitoes of 17 mosquito species for naturally occurring 
infections with this bacterial symbiont (Table 1). A total of 7 out of 17 species (41.296) 
contained the Wolbachia symbiont. However, the PCR results indicated that the 20 
Ae. sticticus individuals screened were free of the Wolbachia symbiont, indicating 
that the species 1s probably free from Wolbachia infection. 

Based on this information, there is potential for using Wolbachia-transfected Ae. 
sticticus males for population suppression. This would require the establishment of a 
Wolbachia-transfected Ae. sticticus strain that could be produced in large numbers for 
male-only release. The use of a local mosquito strain as well as a local Wolbachia 
strain might also make it easier to receive the necessary permits from the authorities. 


5.7. Transport 


The production of sterile male Ae. sticticus could either be done in Sweden, or in 
another country within reach for timely delivery to the suggested pilot study area in 
the River Dalálven floodplain. Any decision on the location of such a production unit 
will require an evaluation of the costs and reliability for production and delivery, as 
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well as the logistics for delivery, in relation to the reaction time from low-level 
maintenance production to full-scale production for release. Also, it has to be 
guaranteed that the long-distance shipment is not detrimental to the quality of the 
insects. A key factor is the availability of a provider with the knowledge and drive to 
perform the sterile male production. 


Table 1. The occurrence of the bacterial symbiont Wolbachia in mosquito species collected in 
the wetlands of the River Dalálven floodplains, central Sweden 


Species mu db 

Aedes annulipes (Meigen) 32 0 0 
Aedes cantans (Meigen) | 15 | 0 | 0 
Aedes cinereus (Meigen) | 30 5 16.67 
Aedes communis (De Geer) | 20 0 0 
Aedes diantaeus (Howard, Dyar & Knab) | 19 0 0 
Aedes intrudens (Dyar) | 18 0 0 
Aedes punctor (Kirby) | 20 0 0 
Aedes sticticus (Meigen) | 20 0 0 
Aedes vexans (Meigen) | 20 0 0 
Culiseta alaskensis Ludlow | 13 0 0 
Culiseta bergrothi Edwards | 15 8 53:33 
Culiseta morsitans (Theobald) | 5 4 80.00 
Culiseta ochroptera (Peus) | 2 0 0 
Culex pipiens L./ torrentium Martini | 4 4 100.00 
Coquillettidia richiardii Ficalbi | 10 10 100.00 
Anopheles maculipennis sl (Meigen) | 22 9 40.91 
Anopheles claviger (Meigen) | 14 | 6 | 42.86 


A recent SIT pilot study in Heidelberg, Germany, relied on sterile male Ae. 
albopictus produced in Italy and the transport time from the production unit to field 
release was 24 h by car (R. Bellini, personal communication). More recently, this 
sterile male transport is done by DHL delivery by air, shortening transport time and 
increasing reliability. Transport by air allows rapid long-distance transport between 
mosquito factory and the field release area. 

Insects are poikilotherms and thus have about the same body temperature as their 
surrounding environment. This is reflected in slower activity at low temperature and 
increasing activity with rising temperature within certain temperature limits. Thus, it 
is possible to chill mosquitoes and thereby make them less active and less vulnerable 
to physical damage during transport. Since the chilling reduces all life processes, it 
allows for packing of very large number of insects in a small volume as long as they 
are in a chilled state. 
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The technique of chilling mosquitoes for long-distance transport has been tested 
for Anopheles arabiensis, Ae. aegypti and Ae. albopictus and the conclusion is that 
there is large variability in responses (Culbert et al. 2017, 2019). Apparently, the 
reaction to chilling needs to be established for each species and may even have to be 
evaluated for the specific population (Culbert et al. 2019). Although the northern 
floodwater mosquito Ae. sticticus is already used to an environment where 
immobilization by chilling is inevitable, there is an obvious need to test the species 
for optimal transportation temperature before practical use. 


5.8. Male Mating Quality 


Since mating success is central for the SIT and the IIT, there is a need to evaluate male 
mating quality on a regular basis. This is normally done using walk-in field cages to 
sufficiently frequently test for mating competition and success. This argues in the 
direction of creating large and efficient production units, supplemented with capacity 
for adequate male quality evaluation. Such facilities need capacity for timely delivery 
of quality sterile males for release. 


5.9. Male Dispersal 


Ground release of Ae. sticticus males in large and inaccessible natural wetland areas 
is not possible within a limited timeframe. Aerial release is the main alternative as it 
is rapid and allows high precision; it is also the least disturbing for vegetation and 
animals alike. The release should preferable be done by either helicopter or drone 
(unmanned aerial vehicle, see Benavente et al., this volume), but probably not by 
airplane, as the male mosquitoes are fragile and may become damaged if speed of the 
dispersing aircraft is too high. 

The dispersal of Ae. sticticus males, in conjunction with mating, is important 
information when deciding on the male release strategy. Our preliminary observations 
provide evidence of Ae. sticticus mating in the same general area as the larval habitat. 
The synchronised hatching of Ae. sticticus eggs during a flood, the likewise 
synchronised development of larvae to pupal stage, and the emergence of males about 
one day before females provide opportunities for males to encounter emerging 
females without searching over extensive areas. Furthermore, the temporary flooded 
areas are very humid and thereby favourable environment for mosquitoes that are 
sensitive to desiccation. 

Mating of Ae. sticticus was only observed in the shade under deciduous trees and 
bushes. The present level of biology knowledge indicates that the mating in this 
species occurs in the shaded terrestrial parts of the temporary flooded wet meadows 
and swamps. This information indicates that it is possible to develop a remote 
assessment method for locating actual mating areas. Release of sterile Ae. sticticus 
males could be concentrated in the defined mating environment and thus optimize 
impact in relation to time and costs. 
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5.10. Monitoring of Ae. sticticus Males and Females 


The ability of released Ae. sticticus males to survive and disperse in the target areas, 
and the actual abundance of sterile males relative to native fertile males, are crucial 
to follow before, during and after the release. Discrimination of released sterile males 
from native males of the same species will require a marking system for released 
males, for example fluorescent powder or dye (Pal 1947; Verhulst et al. 2013). 
However, marking with fluorescent dye is not always recommended for mosquitoes 
as a coloured mosquito might have negative impact on the human population 
acceptance of the technique. Johnson et al. (2017) evaluated a new internal marking 
technique for mosquitoes using rhodamine B, showing that the marking remained 
after sugar-feeding and was visible for lifetime in Ae. aegypti. However, the authors 
recommend that small-scale mark-release-recapture experiments be performed to 
obtain more accurate estimates of male survival and mark persistence prior to 
adoption as an operational assessment (FAO/IAEA 2019). 

Mosquito males are more difficult to collect than the females, and there is no 
trapping system available for specific sampling of Ae. sticticus males. As no obvious 
way of attracting and sampling males is available, we decided to test a more general 
strategy using the MosVac, a portable battery-operated, aspirator (Go Green Co., Ltd., 
Bangkok, Thailand). 

The test was done in the Valmbácken alder swamp, at the edge of the frequently 
flooded lake Fárnebofjárden and in conjunction with a flood event, to make sure that 
males would occur in the study area. The test was carried out in June 2015, on the day 
we expected emergence of adult Ae. sticticus to commence. Only males were caught 
during the first sampling event, while on the following consecutive sampling days a 
mixture of males and females were collected (Fig. 7). 
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Figure 7. Abundance of male and female Aedes sticticus measured by vacuuming grassy and 
bushy areas of the Valmbdcken alder swamp, River Dalälven floodplains, with a Mos Vac 
aspirator. The first sampling was done June 11, 2015, coinciding with the first day (D1) of 
adult emergence after the flood in May. Sampling was repeated June 15 (D5), June 25 (D15) 
and July 6 (D26). 
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Only a few male Ae. sticticus were collected 26 days after initiation of emergence, 
when the male to female ratio was heavily distorted towards female dominance in the 
sample. 

These preliminary data show that the MosVac aspirator was able to sample 
sufficient numbers of males for evaluating a pilot SIT study against Ae. sticticus. It 
also indicated that male abundance was reduced more rapidly than female abundance, 
with almost no males left approximately four weeks after adult emergence. Our 
intention is to carry out more detailed evaluations of male Ae. sticticus sampling 
strategy using MosVac aspirators, and other potential male sampling methods, to 
develop a standardized protocol for evaluation of sterile male releases. 

Monitoring of female mosquito abundance is routinely done by Biologisk 
Myggkontroll (2019) in about 40 trap sites spread over the whole floodplain of the 
River Dalalven. Sampling is performed in all trap sites for one night every second 
week from spring to fall using CDC-traps baited with carbon dioxide as an attractant. 
This sampling will provide information on the relative abundance of the blood- 
seeking Ae. sticticus females that cause the nuisance. 


5.11. Measuring the Abundance of Ae. sticticus Larvae During Floods 


The Ae. sticticus larval abundance is routinely measured by dipping with a white 
plastic dipper on a long shaft. A large amount of data on larval abundance before and 
after each mosquito control operation in the River Dalálven floodplains are available 
since 2002. Such background data are very useful when evaluating the effect of the 
SIT on an Ae. sticticus population, because a subsequent reduction of larval 
abundance is expected if sufficient numbers of native females have mated with sterile 
males, resulting in infertile eggs. 

Furthermore, as the egg bank of Ae. sticticus remains viable for many years 
(Gjullin et al. 1950), it will be useful for a SIT- or IIT-based intervention to continue 
measuring the larval abundance as a proxy for the abundance of fertile eggs. Declining 
abundance of larvae over the years will show a real population reduction. This will 
make it possible to observe if the actual population is reduced or even locally 
eliminated. 


5.12. Potential IPM Strategy: Combination of Other Tools 


The high population density of Ae. sticticus in the River Dalalven floodplains, without 
efficient control, is of a magnitude that would make it extremely costly and almost 
impossible to solely rely on SIT- or IIT-based control. However, the area-wide use of 
aerial dispersal of VectoBac G against the larvae is highly efficient and already 
induces about a 95%-99% reduction in blood-seeking female abundance (Schafer and 
Lundstróm 2014). Such pre-treatment of the pilot area, reducing the target species 
population to a fraction, will make it possible to decrease the required number of 
sterile males to be released substantially, thereby boosting both the economics of the 
releases and their population suppression effect. 


FLOODWATER MOSQUITO ECOLOGY, BEHAVIOUR AND CONTROL 453 


5.13. A Suggested Pilot Study of SIT or IIT Application Against Aedes sticticus 


Before implementing new area-wide population suppression methods against Ae. 
sticticus, there is an obvious need for a pilot study of the techniques to be integrated 
against the target population in its natural setting. The results of the pilot study will 
provide guidance for evaluating efficacy and will also provide guidance on whether 
and how to proceed when expanding into AW-IPM programmes using the SIT or the 
IIT. 

Two flood-prone and extremely productive areas for Ae. sticticus have been 
selected as suggested pilot study areas (Fig. 8). Former lakes Hallsjón and Karbosjón 
are located close to the village of Huddunge and have been subject to Bti-based 
mosquito control since 2005. All known floodwater mosquito breeding sites within 
flight distance are included in the routine Bfi-treatments, thus the study areas are 
protected from massive reinvasion of Ae. sticticus and would function as isolated 
populations. 


kilometres 


Figure 8. The two suggested areas, Hallsjón and Karbosjón for a pilot study of the SIT 
against the floodwater mosquito Aedes sticticus are located northeast of Huddunge village 
and are isolated from breeding sites close to the River Dalálven. All breeding sites are 
included in routine Bti-based mosquito control which protects the study areas from massive 
reintroduction of Ae. sticticus females. 
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The enormous mosquito nuisance problems around Lake Hallsjón were the motive 
to initiate mosquito control using VectoBac G spread from helicopter, as previously 
described. A first survey of mosquito abundance in the Hallsjón area was carried out 
in 2004, and in 2005 mosquito control was commenced. From 2005 onwards, the 
abundance of female Ae. sticticus is regularly monitored with CDC-trapping once 
every second week from May until September each year (Fig. 9). 

The relative abundance of blood-seeking Ae. sticticus females before initiation of 
treatments was about 16 000 per CDC-trap and night. After several years of treatment 
with VectoBac G, the maximum number of female Ae. sticticus collected any time 
during summer is 11-44 per CDC-trap and night, representing a 99.97% reduction. 
This proves the excellent population suppression resulting from professional 
VectoBac G larviciding and confirms the almost total elimination of Ae. sticticus 
larvae as observed within 24 h after each treatment. 
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Figure 9. The abundance of blood-seeking Aedes sticticus females at Hallsjón, central 
Sweden, for the years 2004 to 2017 as measured by fortnightly sampling with CDC miniature 
light traps baited with carbon dioxide. Mosquito control using VectoBac G commenced in 
2005, inducing a very strong reduction in abundance, except for week 27 in 2007 when a 
mistake allowed massive mosquito emergence (data not shown). 
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The size of the remaining population of surviving Ae. sticticus males and females 
after treatment is difficult to measure since there remain so few individuals and these 
are dispersed. However, the CDC-traps are positioned in areas with trees and bushes 
attracting the females produced in a much larger surrounding area of wet meadow 
estimated at 1-2 ha. If we use 44 females as a 10% fraction of actual numbers produced 
in 2 ha, the production could be supposed to be 220 females per productive ha. As 
males and females emerge in approximately the same abundance, this would provide 
us 220 males per productive ha. The total area of the two pilot areas is about 150 ha, 
and during a large flood it is estimated that about 75% of the area is producing Ae. 
sticticus. Thus, only 25 000 local fertile males remain in the study areas after a 
VectoBac G treatment. Based on the estimated abundance of local males, there will 
be a need for releasing approximately 250 000 sterile or incompatible males to obtain 
a sterile to wild male ratio of 10:1. As can be understood, these are very approximate 
estimates, although they probably catch the approximate general tendency. 

The success of a SIT or IIT trial is crucially dependent on the release of a sufficient 
number of good quality sterile males to compete with the local fertile males for mating 
with the local females. Therefore, it might be useful to try other methods for 
population size estimates before the initial release of sterile or incompatible Ae. 
sticticus males in the two suggested pilot study areas. 


6. PERSPECTIVES 


The sterile male technique, either the SIT or the IIT, has potential to serve as an 
alternative solution to sole reliance on Bti-treatments against Aedes sticticus, but for 
an evaluation of the real potential, the suggested pilot test needs to be performed. In 
case of positive and encouraging results, new challenges arise. 

Setting up the SIT or the IIT over the whole of the River Dalálven floodplains will 
require an integrated strategy with Bri-treatments for many years, thus the desired 
reduction of the control agent will not be achieved for quite some time. Sterile male 
release will have to start in defined subsets of the floodplains, for example in the 
easternmost lake system and then move westwards. There is also a risk that Bti- 
treatments will have to increase in the beginning since there are untreated areas in the 
current control programme. Complete area-wide coverage of breeding sites will be 
needed to ensure low mosquito population size and low risk for reinfestation. Thus, 
for approximately 10-15 years there will be a need for both large-scale Bti-treatments 
and sterile male releases. As a result of this intensive work, the use of the suppression 
agent may phase out completely, although it might be wise to keep the possibility of 
Bti-treatments as a backup. Release of sterile males will have to continue at a 
maintenance level since re-establishment of Ae. sticticus might occur. 

In conclusion, integrating the sterile male technique into the management of a 
floodwater mosquito like Ae. sticticus means intensive work effort over many years, 
but the goal of an environmentally neutral mosquito control, eventually without using 
any suppression agent, is considered achievable. Nevertheless, this will require 
political decisions ensuring stakeholder commitment and the economic basis for such 
a project. 
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SUMMARY 


Buffalo flies Haematobia exigua de Meijere were introduced to Australia in 1838 and have become major 
cattle pests in Australia's northern cattle industries. They have been steadily expanding their range 
southward and their spread is likely to be further facilitated by climate change. Control programmes 
consisting of compulsory chemical treatments and regulated cattle movements have proven unsuccessful in 
preventing the spread of buffalo flies and, without area-wide intervention, they are likely to become major 
cattle pests in Australia's southern beef and dairy industries. Buffalo flies do not have a pupal overwintering 
strategy but survive winter in localised foci of slowly cycling low level populations of flies. Populations 
increase and spread to infest surrounding areas when weather becomes favourable in summer. This suggests 
the potential for an area-wide control approach, targeting overwintering foci of the flies. A project has been 
initiated to transinfect buffalo flies with Wolbachia, determine the effects of Wolbachia infection in the 
flies, and assess the feasibility of control by Wolbachia-based approaches directly targeting overwintering 
foci of the flies. 


Key Words: Bos indicus, Bos taurus, Bubalus bubalis, Chrysomya bezziana, Haematobia irritans, Lucilia 
cuprina, Stephanofilaria, Wolbachia, Muscidae, biological control, cattle, horn flies, invasive species 


1. BUFFALO FLIES AND HORN FLIES 


Buffalo flies Haematobia exigua de Meijere and horn flies Haematobia irritans (L.) 
are obligate parasites, living most of their lives on cattle, and leaving only to oviposit 
when cattle defecate. Both the male and the female subsist completely on blood, using 
their sharp mouthparts to pierce the animal's skin. If uncontrolled, infestations may 
reach several thousand flies per animal, each feeding up to 40 times daily, irritating 
cattle and causing production loss and welfare impacts. 
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Horn flies have been estimated to cost the North American and Brazilian cattle 
industries close to USD 1000 million (Cupp et al. 1998) and USD 2540 million (Grisi 
et al. 2014) per annum respectively, whereas buffalo flies are estimated to cost the 
Australian beef cattle industry AUSD 99 million annually with losses presently 
confined mainly to the northern part of the country (Lane et al. 2015). 

Buffalo fly feeding can lead to the development of lesions that are of significant 
welfare concern (Jonsson and Matchoss 1998), reduce hide value and make cattle less 
acceptable for the market (Guglielmone et al. 1999; Lane et al. 2015). These lesions 
can range in nature from dry and alopecic or scab encrusted, to severe open areas of 
ulceration (Johnson 1989). They are found most commonly beneath the eyes of cattle, 
but can also be prevalent on the neck, dewlap, belly and flanks (Sutherst et al. 2006) 
and their development and persistence has been associated with a currently unnamed 
species of filarial nematode (Stephanofilaria sp.), transmitted by buffalo flies 
(Johnson 1989; Shaw and Sutherland 2006). Although similar lesions are found 
associated with horn fly feeding, they are mainly abdominal in distribution and 
generally not nearly as severe as those associated with buffalo flies (Hibler 1966; 
Silva et al. 2010). 

Skin lesions are most widespread in northern areas of Australia, where buffalo 
flies are present throughout the year, with up to 9596 of cattle affected (Johnson et al. 
1986). It is expected that the prevalence of lesions will increase in more southern parts 
of the fly range as global warming extends the length of the buffalo fly season and the 
intensity of fly attack. In a survey of Queensland dairy producers, buffalo flies were 
considered to be a greater problem for production than cattle ticks, and when asked 
what aspect of infestation concerned them most, 4296 of producers noted the welfare 
effects (Jonsson and Matchoss 1998). In addition, the lesions present a potential focus 
for strikes by Old World screwworm Chrysomya bezziana (Villeneuve) flies, which 
are endemic in a number of Australia's nearest northern neighbouring countries and 
which are considered a major biosecurity risk for northern Australia (AHA 2017). 


2. TAXONOMIC STATUS 


Buffalo flies and horn flies are very closely related and have variously been 
considered as sub-species (Zumpt 1973; Pont 1973) and separate species (Skidmore 
1985). The larval stages of the two species are extremely similar and are probably 
morphologically indistinguishable (Pont 1973). Morphological differentiation of the 
adults is also difficult, and the main distinguishing feature in the flies is the presence 
of 4 to 6 long curled hairs on the hind tarsi of male H. exigua, which are not found in 
H. irritans (Mackerras 1933; Iwasa and Ishiguro 2010). Kano et al. (1972) suggested 
a number of other morphological distinguishing features, but Iwasa and Ishiguro 
(2010) indicated that these varied with latitudinal gradient within each species. Snyder 
(1965), who studied many specimens from Micronesia, stated that even the bristling 
on the hind tarsi of H. exigua is variable (Zumpt 1973). 
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Urech et al. (2005), who measured buffalo flies cultured on cattle in Australia and 
horn flies from a laboratory colony in Florida, indicated that there were distinct 
differences in the cuticular hydrocarbons of the two groups of flies and suggested that 
these differences may support their status as separate species. 

Iwasa and Ishiguro (2010) examined the mtDNA in the COI to COII genes of horn 
flies collected from two sites in Japan and buffalo flies from sites in Taiwan and Viet 
Nam and found sequence divergence of 1.8% - 1.9% between the two species. They 
concluded that the relative genetic divergence observed between and within the two 
species may indicate an intermediate status in species development. From a more 
recent study of molecular differentiation of the two species, using the mtDNA COI, 
cytochrome B (Cytb), NADH dehydrogenase subunit 5 (ND5) genes, and the nuclear 
and 18S and 28S ribosomal RNA regions, Low et al. (2014, 2017) concluded that the 
two species are genetically distinct and that the COI and Cytb genes were the most 
informative for distinguishing the two species. Regardless of whether or not buffalo 
and horn flies can be considered separate species, all indications are that they are 
extremely closely related. 


3. INVASION AND DISTRIBUTION 


Both buffalo and horn flies have proven to be extremely invasive species. Either H. 
irritans or H. exigua is now present in most major cattle production areas ofthe world, 
with the exception of sub-Saharan Africa, where the species Haematobia thirouxi 
potans (Bezzi) and Haematobia minuta (Bezzi) occupy this niche (Zumpt 1973) 
(Fig. 1). 


* E Horn fly 


Figure 1. World distribution of horn fly H. irritans and buffalo fly H. exigua. 
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Horn flies were introduced to the east-coast of North America from Europe on 
imported cattle in 1885-86 (Butler and Okine 1999). They spread rapidly to reach 
California by 1893 and by 1900 had been reported from most of the USA, Canada and 
Puerto Rico. They were reported in South America from cattle in Colombia, Ecuador 
and Venezuela by 1937 (Mancebo et al. 2001), and were first reported in Brazil's 
northern-most State, Roraima in 1956. 

By 1980, horn flies had spread south of the Amazon into Goiás state (Mancebo et 
al. 2001), by 1991 had reached the south of Brazil (Mancebo et al. 2001), and by 1993 
had spread through Uruguay and all of the major cattle production areas in Argentina 
(22°S to 44°S) (Anziani et al. 1993; Guglielmone 1999). 

On the western side of the continent horn flies were found in Bolivia before 1955 
(Munro 1960), in Peru by at the latest 1973 (Zumpt 1973), and in Chile in 1967 
(Gonzalez 1967), although it appears that they did not become a significant pest in 
Chile until 1993 (Campano and Avalos 1994). These records suggest that the 
southerly spread of horn flies in South America may have occurred independently on 
both the west and east sides of the continent. 


3.1. Spread of Buffalo Flies in Australia 


Buffalo flies have been similarly invasive in Australia, although their spread has 
occurred more slowly than for horn flies in the Americas, and has been limited at its 
southern extent by the inability of buffalo flies to undergo a winter pupal dormant 
phase, as occurs in horn flies (Ferrar 1969; Cook and Spain 1982). Buffalo flies 
entered mainland Australia near Darwin (12.5? S, 130.8? E) in 1838, probably on 
water buffalos (Bubalus bubalis L. 1758) introduced from Timor in 1825 (Tillyard 
1931). Early spread occurred very slowly and coincided closely with the spread of 
buffalos (Hill 1917), which appear to be the preferred native host of the flies in Asia 
(Iwasa and Ishigura 2010) (Fig. 2). 

It wasn't until 1928 that buffalo flies reached the Queensland border, 
approximately 1300 km southeast of their original point of introduction (Seddon 
1967), subsequently spreading across the dry stretch of land south of the Gulf of 
Carpentaria to eastern Queensland during a series of wet years in 1939-41. From there, 
they spread rapidly to the east coast of Cape York in northern Australia and 
southwards along the eastern coast until they appeared to reach a southerly limit just 
north of Bundaberg (24.8°S latitude) by 1946. Here the spread paused, and no further 
southerly spread was observed for the next 30 years (Fig. 2). 

Following a series of mild winters and wet years from 1973 onwards, changes to 
buffalo flies and tick regulatory programmes, possibly aided by changes in the 
chemicals used for cattle tick Rhipicephalus australis Fuller treatment, southerly 
range expansion recommenced and buffalo flies reached the Brisbane Valley and 
Nambour in 1977, the Tweed Valley in New South Wales in April 1978, and Bonville, 
south of Coffs harbour (30.4°S) in 1982 (Williams et al. 1985). Since then, the flies 
have continued their southerly spread with infestations seen as far south as Dubbo, 
Narromine and Maitland (32.7°S) in 2011 (Fig. 2). This represents an increase in their 
southerly range of approximately 1000 km in the last 40 years. 
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Following their first detection in New South Wales in 1978, the flies now survive 
the winter in many eastern parts of the state and have become a significant endemic 
cattle pest in these areas. 

The impact of buffalo flies and the area affected in Australia varies significantly 
with season and weather conditions. During warm wet summers the distribution of 
the flies increases significantly in northern and north-eastern areas, and they may 
spread to affect cattle in an area potentially more than two times larger than the 
permanently infested range (Fig. 2). 


o U& 
| Summer infestation area T 


Figure 2: Spread over time of the buffalo fly H. exigua in Australia. 


3.2. Effects of Climate Change 


All indications to date suggest that climate change effects in Australia will facilitate 
the continued spread of buffalo flies into new areas and will increase the economic 
and welfare impacts in the southern parts of their current range (CSIRO/BOM 2016). 
Rising temperatures will enable more rapid H. exigua population growth, an increased 
number of generations each year, greater fly activity in many areas and longer seasons 
of cattle challenge. In addition, predicted rises in minimum temperatures and a 
reduction in the frequency of frosts will favour survival in marginal areas and further 
southerly extension of the flies’ range. A possible increase in the summer incidence 
of rainfall in some areas of Australia may also favour the flies’ breeding. 
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The results of CLIMEX modelling (R. Dobson personal communication 2015) 
suggest greater impacts from buffalo flies in the southern parts of their current range, 
including the potential for persisting fly populations to establish through most of the 
moist coastal belt of New South Wales and in foci as far south as South Australia and 
southern Western Australia (Fig. 3). In addition, increased weather variability and 
extreme rainfall events predicted under climate change may assist the spread of flies 
across inhospitable areas to new foci suitable for winter fly survival. Once established 
in these areas, new overwintering foci would provide a source for more extensive 
incursions during warm wet periods, similar to that seen in northern Australia. 

The CLIMEX modelling does not account for factors such as a changing resource 
base, microclimate effects or changes in pest biology. In southern areas, the cattle 
industry is based largely on Bos taurus L. breeds that are more susceptible to buffalo 
flies than the Bos indicus L. cattle that predominate in northern areas (Frisch et al. 
2000). In addition, northern cattle are normally treated to control cattle ticks, which 
can also impact on buffalo fly numbers, whereas few parasite treatments are applied 
to southern cattle. Thus, the southern beef and dairy industries provide a susceptible 
and largely untreated host resource extremely favourable for invasion by buffalo flies. 
Furthermore, adaption of insects at the edge of their range can be an important 
contributing factor in new pest invasions (Hill et al. 2011). 


Figure 3. CLIMEX predictions of areas suitable for the establishment of persisting buffalo fly 
H. exigua populations under predicted climate change. Size of solid circles indicates degree 
of favourability of areas for buffalo fly persistence; crosses indicate weather station sites not 

suitable for buffalo flies' persistence; the large open ellipses indicate areas of most 
significant range expansion (credit Rob Dobson). 
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The degree to which genetic adaptation of buffalo flies to cooler temperatures has 
contributed to their southerly spread is uncertain. However, Iwasa and Ishigura (2010) 
note that the flies in their native range appear to prefer buffalo to cattle as hosts, and 
a period of adaptation to cattle and cooler Australian conditions may have contributed 
to their spread. Development of pupal overwintering capacity as they move south, a 
possibility given their close genetic relatedness with horn flies, is a concerning 
prospect and could see the species develop a temperate distribution in Australia, 
similar to the distribution seen for horn flies in the northern hemisphere and South 
America. 


4. POTENTIAL FOR THE USE OF AREA-WIDE APPROACHES AGAINST 
BUFFALO FLIES IN AUSTRALIA 


Currently, control of buffalo flies in Australia depends largely on chemical treatments, 
although techniques such as buffalo fly traps (Sutherst and Tozer 1995) and selection 
of more tolerant Bos indicus breeds (Frisch et al. 2000) are also used. In addition, 
dung beetles may assist the regulation of buffalo fly populations under some 
circumstances (Doube 1986). Treatments are applied almost exclusively on a herd- 
by-herd basis. However, modelling studies indicate the likely inefficiency of herd-by- 
herd approaches showing that the effects of invasion of pests from untreated areas can 
be devastating in compromising the effectiveness of control measures (Knipling 
1972a). Application of control techniques on an area-wide basis, targeting the entire 
population rather than just individual properties or herds, can be much more efficient 
than more intensive programmes applied on a herd-by-herd basis. Area-wide 
approaches are expected to be particularly advantageous when pests are mobile and 
can readily auto-disseminate and therefore may not be easily controlled by property- 
based or herd-based programmes (Hendrichs et al. 2007), such as is the case with 
buffalo flies. 


4.1. Chemical-based Programmes 


Area-wide control programmes have historically been based mainly on the application 
of chemical insecticides by methods such as aerial spraying or intensive ground 
spraying, or in the case of diseases of livestock, by individual animal or herd 
treatments with quarantine controls and movement restrictions (Graham and Hourigan 
1977). 

At various stages in the spread of buffalo flies in Australia, regulatory 
programmes, supported by legislation, and which included movement controls and 
compulsory spraying of relocated cattle with insecticides, were used in an attempt to 
prevent their southerly incursion (Parliament of Queensland 1965). However, these 
programmes were not effective in stemming the southward spread of buffalo flies 
(Anonymous 1934; Roberts 1946; Eastaway 1974) and all were eventually abandoned 
in 1978 (Williams et al. 1985). However, buffalo flies remain a legislatively specified 
notifiable disease in some southern states of Australia, where the flies are not currently 
present (DAWR 2017). 
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4.2. Autocidal and Biologically-based Approaches 


Programmes which require widespread application of insecticides are increasingly 
unacceptable on a community basis and can be compromised by the development of 
resistance or resurgence of pests from cattle that are not treated or where treatments 
are poorly applied. More biologically-based, species-specific and environment- 
friendly techniques which operate by disrupting biological processes of pests, 
generally find wider community acceptance and are often more effective than 
insecticide applications (Bourtzis et al. 2016). In addition, because of the ability of 
released insects to disperse into all areas occupied by the target field population and 
to actively search out and mate with target insects, biologically-based methods are 
often more effective against pests that can disperse autonomously, or which survive 
in cryptic habitats that are hard to reach with chemical sprays. 

The most well-known of these approaches is the Sterile Insect Technique (SIT) in 
which insects of the target species are mass-reared and sterilised using low level 
ionizing radiation, followed by inundative releases of the sterilised insects (usually 
males) on an area-wide basis over the entire area of the target population (Vreysen 
and Robinson 2011; Dyck et al. 2021). The sterile males mate with field females, 
which consequently produce infertile eggs and through sequential releases the target 
population is suppressed, or under certain favourable conditions, eradicated. 

Some of the most significant successes with the SIT have involved insect pests of 
livestock, including the eradication of New World screwworm Cochliomyia 
hominivorax (Coquerel) from North and Central America (Wyss 2000), eradication 
of an incursion of this pest in Libya (Lindquist et al. 1992), and removal of the tsetse 
fly Glossina austeni (Newstead) from the Island of Unguja in the Zanzibar 
archipelago (Vreysen et al. 2000, 2014). Localised eradication or suppression using 
the SIT has also been achieved on a number of occasions with other tsetse species in 
Africa (Vreysen et al. 2013). Successful eradication using this approach can be 
extremely cost efficient. For example, in the New World screwworm programme in 
the Americas it has been calculated that the direct benefits achieved each year from 
the programme are equal to or greater than the total cost of the sterile male release 
programme over the fifty years of its operation (Vreysen and Robinson 2011). 

Horn flies are one of the species suggested by Knipling (1972b) as likely 
candidates for control by the SIT. Knipling considered that the close association of 
the flies with cattle and its consequent accessibility to control meant that fly 
populations could be readily reduced by insecticide treatment of cattle, then the 
remaining population eliminated using the SIT. In early trials with horn flies, cattle 
were sprayed with topical insecticides to reduce fly numbers. However, the 
subsequent sterile insect releases were compromised because the released flies were 
more susceptible to the insecticides used than were the field flies (Eschle et al. 1973, 
1977). This was overcome by using methoprene, an insect growth regulator 
administered in drinking water, which targeted the larval stages of horn flies, and had 
no effect on the released adult flies. Trials on the isolated Kalaupapa peninsula of 
Molokai in Hawaii subsequently confirmed that a semi-isolated population could be 
effectively eradicated using this method, even in the very horn fly-favourable 
environment of Hawaii (Eschle et al. 1977). Unfortunately, the area was later 
reinfested by the introduction of infested cattle into the area. 
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Although the SIT is by far the most widely known and successful genetic 
technique used against livestock pests to date, SIT application is not always feasible 
and a range of other genetically-based techniques have also been tested, or are under 
contemplation. For example, in continental Australia the extensive areas of livestock 
production and the wide distribution of associated pest species, together with few 
natural geographic boundaries, made the use of the SIT impractical or at least of 
dubious cost-benefit for use against many livestock pests, as in the case of sheep 
blowfly Lucilia cuprina (Wiedemann). As a consequence, a range of other 
genetically-based techniques such as the use of compound chromosome and sex- 
linked translocation strains (field female killing systems), which were predicted to be 
more effective at lower release ratios, were developed and tested (Foster et al. 1985, 
1988, 1991). Field testing showed promise for these other approaches, but for a 
number of reasons discussed by Scott (2014), they were never implemented for 
widespread use. 

More recently, transgenic sexing strains of L. cuprina have been developed that 
carry a tetracycline-repressible female lethal genetic system that could form the basis 
for mass-production of only males of L. cuprina, and potentially other fly species, for 
use in genetic control programmes (Scott 2014). A range of other techniques such as 
the Release of Insects carrying Dominant Lethal (RIDL) genes, RNAi and homing 
endonuclease genes (HEG) are now also being considered for use with mosquitoes, 
tsetse flies and other species (reviewed by McGraw and O'Neill 2013; Bourtzis et al. 
2016) and have proceeded to field testing in some instances (Harris et al. 2011). With 
increasing access to sequenced insect pest genomes (International Glossina Genome 
Initiative 2014; Anstead et al. 2015) and rapid advances in molecular technology, 
most notably the availability of new gene editing techniques such as CRISPR-Cas9, 
many new, purpose-designed approaches for control will likely emerge. 


5. Wolbachia AND AREA-WIDE CONTROL OF BUFFALO FLIES 


Other technologies of much current interest for use in area-wide control programmes 
are symbiont-based approaches (Bourtzis 2008; Bourtzis et al. 2016; McGraw and 
O’Neill 2013; Wilke and Marelli 2015), in particular the use of Wolbachia. Wolbachia 
are maternally transmitted intracellular bacteria in the family Alphabacteria, 
estimated to infect 40% of terrestrial arthropod species (Zug and Hammerstein 2012). 
Wolbachia are capable of spreading through insect populations by manipulating host 
reproductive processes and have many and varied other effects that present potential 
for use in buffalo fly control programmes (Hoffmann et al. 2015). These can be 
considered in three main groups: 

1. Cytoplasmic incompatibility, which can be harnessed for population 
suppression, population replacement or potentially population elimination 

2. Fitness effects induced by Wolbachia infection, and 

3. Transmission blocking of secondary pathogens. 

These strategies are considered below for their potential to reduce the impacts of 
buffalo flies or interrupt their spread into uninfected areas. 
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5.1. Cytoplasmic Incompatibility and Incompatible Insect Technique (WT) 


Wolbachia infection can interfere with insect reproduction in several ways, including 
through the induction of cytoplasmic incompatibility whereby matings between 
infected males and non-infected females or between males and females infected with 
incompatible Wolbachia strains (bidirectional incompatibility), produce infertile 
eggs. This approach when used as an insect suppression or eradication strategy has 
been termed the Incompatible Insect Technique (IIT) (Zabalou et al. 2009). The IIT 
method is similar in approach to SIT, with Wolbachia-infected males used as de facto 
sterile males. Since Wolbachia is not paternally transmitted, as long as similarly 
infected females are not also released, the Wolbachia strain present in the released 
males does not establish in the target population in the field. Thus, serial release of 
only the infected males can lead to population suppression or eradication. 

The effectiveness of using Wolbachia-induced cytoplasmic incompatibility in this 
way was demonstrated as early as the 1960s when release of Wolbachia-infected male 
Culex quinquefasciatus Say mosquitoes, vectors of human filariasis, led to local 
eradication of this species from areas in Myanmar (Laven 1967). Since then, studies 
towards the use of IIT have been conducted with a range of mosquito species, 
including Aedes polynesiensis Marks (Brelsfoard et al. 2009; O’Connor et al. 2012), 
Aedes albopictus (Skuse) (Calvitti et al. 2010), Anopheles stephensi Liston (Bian et 
al. 2013) and Culex pipiens pallens (Coquillett) (Chen et al. 2013), as well as the 
veterinary pests Glossina morsitans Westwood (Alam et al. 2011; Bourtzis et al. 
2016) and Stomoxys calcitrans (L.) (Kusmintarsih 2009). 

Use of an IIT approach could be applicable for eradication of confined foci of 
overwintering populations of buffalo flies to prevent or retard southerly spread or to 
slow rates of re-colonisation of favourable northern areas in summer. The IIT method 
could also be used to eradicate buffalo flies that become established in relatively 
isolated areas as a result of climate change, such as those predicted in South Australia 
and south-western Western Australia (Fig. 2). 

Ideally only male Wolbachia-infected buffalo flies would be released, but to date 
no method for accurate mass-sexing of horn or buffalo flies has been reported. In the 
case of the Hawaii SIT trials with horn flies, irradiated flies of both sexes were 
released (Eschle et al. 1977). Although this is usually undesirable, because it increases 
competition with field females for mates and can temporarily increase fly pressure on 
cattle, it did not compromise success in the case of the Hawaiian trial and may not be 
a consideration if used against low-level populations present in overwintering foci of 
buffalo flies. 

Reduction of male mating competitiveness from the effects of irradiation is one of 
the difficulties sometimes experienced in SIT programmes (Zhang et al. 2015). As 
female flies are often sterilised at levels of radiation below that which causes 
reduction of competitiveness in males, this has led to the suggestion of the 
complementary simultaneous use of the SIT and the IIT, with Wolbachia used to 
induce functional sterility in the males and low-level irradiation used to sterilise the 
females thereby also assuring that the Wolbachia strain present in the released males 
does not establish in the target pest population (Brelsfoard et al. 2009; Zhang et al. 
2015; Bourtzis et al. 2016). In the absence of a practical sexing method, a similar 
approach could be considered for buffalo flies. 
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Alternatively, the development of a self-sexing strain in stable flies S. calcitrans 
(Seawright et al. 1986), which are in the same subfamily as buffalo flies, the 
determination of a near infrared (NIR)-based method for sexing tsetse fly pupae 
(Dowell et al. 2005; Moran and Parker 2016), and the rapid advances with molecular 
techniques currently being made in other species (Scott 2014), suggest significant 
potential for the future development of a sexing method for buffalo flies. 

Notwithstanding the potential added difficulties for artificial rearing, the use of a 
strain of Wolbachia that also confers a fitness disadvantage or inability to overwinter 
in infected flies, such as wMelPop (see below), is a further possibility to guard against 
the effects of inadvertent female release in a Wolbachia-based IIT programme. 


5.2. Using Wolbachia-Induced Fitness Effects to Collapse Overwintering 
Populations of Buffalo Flies 


Different strains of Wolbachia can induce a range of different effects on the fitness of 
infected hosts (Hoffmann et al. 2015). Some of these effects include reduced life span 
(McMeniman et al. 2009), mortality of eggs (McMeniman and O’Neill 2010), slowed 
larval development (Ross et al. 2014), and reduced overall fitness (Yeap et al. 2011, 
2014; Ross et al. 2015). Infection with Wolbachia has also been shown to interfere 
with blood-feeding efficiency in mosquitoes (Moreira et al. 2009; Turley et al. 2009), 
and to affect locomotor activity in parasitoid wasps, Drosophila species, and some 
mosquitoes (Fleury et al. 2000; Peng et al. 2008; Evans et al. 2009). Similar effects in 
buffalo flies could also have deleterious effects on survival and mating efficiency, as 
well as the persistence of their populations, particularly during winter. 

The most profound deleterious effects described have been from the ‘popcorn’ 
(wMelPop) strain of Wolbachia, initially isolated from laboratory populations of 
Drosophila melanogaster Meigen (Min and Benzer 1997). The wMelPop strain 
replicates in host cells, causing cellular damage, characteristic morphological changes 
in infected tissues, and a range of physiological effects. These effects reduce life span 
by approximately one-half in D. melanogaster and transinfected mosquitoes (Min and 
Benzer 1997; McMeniman et al. 2009). Reductions of life span of this magnitude, and 
other fitness characters, can have profound effects on the population dynamics of a 
species, particularly during unfavourable times of the year (Rasic et al. 2014). 
However, the effects of Wolbachia are highly strain-, host- and environment- 
dependent, and less profound effects on fitness have also been observed in other 
Wolbachia-host associations (Hoffmann et al. 2015). 

Modelling conducted by Rasic et al. (2014) demonstrated potential for using 
fitness reductions induced by Wolbachia to suppress or eliminate Aedes aegypti L. 
populations, particularly in locally or seasonally variable environments. Their results 
suggested that the effects of wMelPop were not sufficient to reduce persistence of 
mosquito populations in the very favourable climates of north Queensland, but they 
were likely to cause local extinctions in the more mosquito-marginal environments of 
central Queensland. These predictions were supported by semi-field cage studies, 
which showed that reductions in the survival of desiccation-resistant eggs resulting 
from wMelPop infection, eliminated populations of Ae. aegypti during extended dry 
periods (Ritchie et al. 2015). 
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Wolbachia could also be used to drive co-inherited deleterious ‘payload genes’ in 
the genome of infected insects into the target pest population (Curtis and Sinkins 
1998; Hoffmann and Turelli 2013; Champer et al. 2016). These genes could confer 
reduced fitness or conditionally lethal effects such as cold temperature sensitivity or 
insecticide susceptibility. Conversely the use of linked traits that confer a fitness 
advantage in certain circumstances might be used to facilitate the spread of Wolbachia 
strains into a population. For example, insecticide resistance that confers a 
competitive advantage under a spraying regime could be used to assist the spread of 
a wMelPop-infected strain that confers a pathogen blocking capability or seasonal 
lethality (Hoffmann and Turelli 2013). 

As more pest insect genomes are characterised, along with the rapid advancement 
in molecular transformation technologies, it is expected that possibilities for this 
approach will grow rapidly. Using Wolbachia as the driving mechanism is expected 
to have greater public acceptance and less potential for unanticipated effects than 
transgenic gene drives (Champer et al. 2016). An attractive alternative approach is the 
direct transformation of Wolbachia genomes with genes to be driven into a pest 
population. Until recently, successful genetic transformation of Wolbachia had proved 
elusive, but the recent reporting of a phage-mediated system for the genetic 
modification of Wolbachia (Bordenstein and Bordenstein 2017) offers exciting 
possibilities in this area. 


5.3. Stephanofilaria Blocking 


Buffalo fly-associated lesions are of significant welfare and economic concern, with 
estimates of over 95% of cattle affected in northern areas of Australia (Johnson 1989). 
Although the exact etiology of buffalo fly-associated lesions is unclear, an unnamed 
species of filarial nematode (Stephanofilaria sp.), transmitted by buffalo flies and 
found in the lesions, is thought to play a role (Johnson et al. 1986; Johnson 1989). 
Surveys of buffalo flies collected from near Townsville in the 1980s found a 2.9% 
(range 0% - 9.3%) prevalence of Stephanofilaria in female flies (Johnson 1989), 
whereas a more recent study in 2004 measured infection rates between 29% and 57% 
in flies collected from four sites near Rockhampton (Shaw and Sutherland 2006). 

Wolbachia infection has been demonstrated to reduce vectorial capacity of various 
species of mosquitoes for a range of pathogens, including filarial nematodes. 
Inhibition of development of filarial nematodes was seen with both wMelPop in Ae. 
aegypti (Kambris et al. 2009) and wAIbB in Ae. polynesiensis (Andrews et al. 2012) 
and resulted in a reduction in the prevalence of infective third stage nematodes in the 
mosquitoes. The mechanism of pathogen blocking is not completely understood but 
may be due to competition for host resources or modulation of host immune response, 
in particular reduction in levels of reactive oxygen species (Andrews et al. 2012). The 
wMelPop strain of Wobachia also reduces the efficiency of disease transmission by 
shortening the life span of vectors and reducing the likelihood that a pathogen will be 
able to complete its required extrinsic incubation period before host mortality. 

The shortest incubation period seen for Stephanofilaria sp. in buffalo flies was 7 
days (Johnson 1989), suggesting that the life-shortening effects of wMelPop 
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Wolbachia could also significantly affect the transmission dynamics of this filarial 
nematode species. 

Lesions associated with horn fly-transmitted Stephanofilaria stilesi in North 
America appear to be less extensive and severe than buffalo fly-associated lesions in 
Australia (Hibler 1966). As horn flies are infected with Wolbachia, but buffalo flies 
are not, it is tempting to hypothesise that this difference may be associated with 
differences in the efficiency of Stephanofilaria transmission, although many other 
factors could also be involved. Disruption of the spread of Stephanofilaria or 
reduction in the severity of lesions by the introduction of a transmission-blocking 
Wolbachia strain into buffalo flies, would be a significant outcome for the Australian 
cattle industries from both economic and welfare perspectives. 


6. BUFFALO FLY OVERWINTERING, A SUSCEPTIBLE STAGE FOR 
AREA-WIDE APPROACHES? 


Horn flies have the ability to overwinter in the pupal phase, as pharate adults, whereas 
buffalo flies do not (Ferrar et al. 1969; Cook and Spain 1982), which is a major 
difference between the two species (Showler et al. 2014). In the northerly part of their 
range in North America, adult horn flies begin to disappear from cattle in autumn and 
do not reappear until the next spring. Overwintering dormancy allows horn flies to 
emerge and rapidly re-establish throughout the previous season's range when 
conditions become suitable in spring or summer. There is, however, significant 
plasticity in this response and at warmer latitudes horn fly populations continue 
cycling throughout the year (Showler et al. 2014). 

In more marginal areas, horn flies may survive winter both as adults, with reduced 
activity, and in the pupal stage, with various levels of dormancy. Mendes and Linhares 
(1999) working in a warm winter climate in Brazil (21?30'S), verified diapause in 
9.1% of winter pupae, even though horn flies were present on cattle year-round. These 
authors note that this dual overwintering mechanism could present difficulties for the 
design of cost-efficient eradication programmes for horn flies. The plasticity in 
overwintering response has most likely been a key factor allowing horn flies to 
disperse and become established in a wide range of environments. 

In contrast to horn flies, buffalo flies die out through much of their summer range 
in winter (Fig. 2). Their range at the southern and continental edges in Australia is 
limited by cooler temperatures and low moisture levels in dung during winter (Cook 
and Spain 1982). Low temperatures either prevent development completely, or they 
slow the development of the larval stages to a degree that they can't be completed 
before moisture content in dung falls to lethal levels. The occurrence of frosts can also 
have a devastating effect on the survival of the soil stages, i.e. larvae and pupae (Cook 
and Spain 1982). 

Williams et al. (1985) found that buffalo flies overwintered at the edge of their 
winter range as slowly cycling, low level fly populations in local areas of moderate 
microclimates. Most of these overwintering foci were in hilly, heavily timbered areas 
that were well-watered from either creeks, dams or swamps, and less exposed to low 
minimum temperatures or frosts than the low-lying surrounding areas. Nearly all of 
the overwintering sites identified were within 40 km of the coast, where temperatures 
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were likely moderated by coastal influences. Re-colonisation of summer-suitable 
areas and southern range extension relied on overwintering of buffalo flies in these 
foci. When conditions became favourable each year, the flies built-up in numbers and 
either dispersed from these areas autonomously or were transported by cattle 
movements to reinfest their summer range (Fig. 2). 

These localised overwintering foci provide a potential target for the application of 
Wolbachia-based approaches. The use of Wolbachia in either an IIT approach, to 
compromise Stephanofilaria transmission or to introduce a deleterious fitness factor, 
is likely to be most efficiently achieved at times of low fly populations, such as during 
overwintering, when suitable release ratios will be most readily achieved. Indeed, SIT 
and IIT approaches are often initiated when target populations are low, or involve 
population reduction by insecticide treatments prior to the release of infected flies. 

Persistence of buffalo fly populations in overwintering foci is precarious and it 1s 
the soil stages that are most subject to adverse effects from low temperatures and 
dryness. Adult flies living with the warmth and blood provided by their cattle hosts 
are less affected by adverse winter conditions. Therefore, it is likely that released adult 
flies will be less exposed to the effects of winter conditions than the soil stages and 
able to persist for sufficient time to mate with overwintering adult flies and either 
interrupt reproduction or spread Wolbachia infection. 


7. TOWARDS A Wolbachia-BASED APPROACH TO CONTROLLING 
BUFFALO FLIES 


The effects of Wolbachia are most profound in new host associations (McGraw et al. 
2002) and Wolbachia-based approaches to control require either the transinfection of 
Wolbachia into uninfected host populations, or transinfection of already infected 
populations with different strains of Wolbachia (O’Connor et al. 2012). 
Transinfection has most often been achieved by embryonic microinjection, but adult 
microinjection has also been successful in some instances (Hughes and Rasgon 2014). 
The success rate of microinjection is generally low, with subsequent loss of infection 
in newly injected hosts common, particularly in more distantly related host species. 
This is thought to be due to inability of the injected Wolbachia to adapt quickly 
enough to the new host environment. However, the probability of success can be 
increased by prior adaptation of Wolbachia in target host cell lines (McMeniman et 
al. 2008, 2009) 

Although Wolbachia has not been found in buffalo flies, it is found widely in horn 
flies (Jeyaprakash and Hoy 2000; Floate et al. 2006; Zhang et al. 2009). The very 
close relatedness of buffalo and horn flies suggests it likely that the former will be a 
competent host for Wolbachia and that the likelihood of successful transinfection with 
suitable strains of Wolbachia is high. 

We have successfully established cell lines for both horn and buffalo flies and 
have achieved persisting infections of wAlbB, wMel, and wMelPop in cell lines for 
both species, also suggesting good potential for the successful transinfection of 
buffalo flies with Wolbachia. 

We are undertaking a programme of microinjection towards the stable 
transinfection of buffalo flies with these three Wolbachia strains. We have also 
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recently developed laboratory rearing methods for buffalo flies and have established 
a stable persisting laboratory colony (James et al. 2013). These methods will facilitate 
maintenance of transinfected strains and studies to determine the effects induced in 
these flies by infection with wAbB, wMel and wMelPop, with a view to develop 
Wolbachia-based strategies for reducing buffalo fly spread and impacts. 


8. CONCLUSION 


Without intervention, buffalo flies are likely to become major cattle pests in 
Australia's southern beef and dairy industries, and also increase their impacts in 
northern herds. Their further southerly invasion is likely to be facilitated by the effects 
of climate change, together with the availability of a large, susceptible and mostly 
unprotected Bos taurus cattle population in the southern areas of Australia. 

Previous regulatory procedures, based on spraying and cattle movement controls, 
have failed to prevent the southward spread of buffalo flies. Using an integrated area- 
wide approach incorporating use of a biological agent, such as Wolbachia, and 
focusing on the pest population rather than cattle, avoids potential disadvantages 
associated to widespread chemical use. In addition, Wolbachia are vertically 
transmitted from female flies to their eggs and restricted to living exclusively within 
host cells, thus minimising the potential for non-target effects. The use of Wolbachia 
has had good community acceptance in Australia to date (Kolopack et al. 2015) and 
importantly, a legislative framework for the release of Wolbachia-transinfected 
strains already exists in Australia (De Barro et al. 2011). 

The design of optimal strategies will rely on a knowledge of the biological effects 
of candidate strains of Wolbachia in buffalo flies. A number of critical steps towards 
this end have been completed, including the establishment of an in vitro colony of 
buffalo flies as well as Haematobia cell lines transinfected with the wAlb, wMel and 
wMelPop strains of Wolbachia. 

We are currently undertaking embryonic and adult microinjection with these 
strains towards the establishment of transinfected buffalo fly lines. Successful 
completion of this step will allow characterisation of the effects of Wolbachia in 
buffalo flies towards the design of potential Wolbachia-based control strategies and 
an initial assessment of the likely feasibility of using a Wolbachia-based area-wide 
approach to reduce buffalo fly impacts in endemic areas and interrupt the southerly 
encroachment of buffalo flies. 
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SUMMARY 


The regional Mediterranean Fruit Fly Programme (Moscamed) in Belize, Guatemala and southern Mexico 
has applied geographic information systems (GIS) in the analysis of Mediterranean fruit fly populations 
since 2004. GIS allow integration of trapping data, control activities and environmental information; when 
combined with expert knowledge/interpretation (entomologist, ecologist and technical managers), they 
allow spatio-temporal analysis to determine geographic and temporal patterns, and their relationships with 
ecological factors and control activities. Ecological factors impacting the distribution of Mediterranean 
fruit fly (or medfly) populations also allow projecting pest demographics under climate change. Most of 
the prediction models of climate change indicate that the temperature will increase in the coming years. 
Temperature is a key ecological factor for insects in general, and medfly is no exception. Auclair et al. 
(2008) used the climate-host-insect interaction to develop predictive tools related with El Niño Southern 
Oscillation (ENSO) conditions, under the hypothesis that increasing temperatures will also increase 
medfly populations. A combination of GIS, statistical analysis, and climate change predictions indicate 
that hot El Niño years increase the reproductive rate of the pest, whereas cold La Niña years will have the 
opposite effect. With the medfly prediction model, early warnings can be provided to high-level decision 
makers and programme managers to act in an effective and timely-manner, including shifting in 
programme strategies and assigning larger budgetary resources to the programme when expecting difficult 
years. 


Key Words: Geographic information systems, spatial-temporal analyses, temperature, El Niño Southern 
Oscillation (ENSO), La Niña years, Tephritidae, Ceratitis capitata, Belize, Guatemala, Mexico, 
population behaviour, population distribution, prediction models 
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1. INTRODUCTION 


The Mediterranean Fruit Fly Programme (Moscamed), managed jointly by the 
governments of Guatemala, Mexico and the USA, has been operating since 1977 to 
contain the Mediterranean fruit fly (Ceratitis capitata Wied.) (or medfly) in 
Guatemala and to protect the areas free ofthis pest in Guatemala, Mexico, Belize and 
the USA (Gutiérrez Samperio 1976; Enkerlin et al. 2015, 2017). Moscamed conducts 
two main activities: 

1. Surveillance, through pest monitoring in infested areas, as well as detection 
and delimitation of the pest in areas of low pest prevalence and pest free areas using 
a geo-referenced trapping system located in Guatemala, Mexico and Belize; and 

2. Control, through area-wide integrated pest management (AW-IPM) for 
population suppression and eradication, using a combination of environment-friendly 
techniques including the Sterile Insect Technique (SIT), aerial and ground sprays of 
an organically-approved insecticidal bait (spinosad), bait stations, and quarantine 
checkpoints to monitor and reduce movement of infested fruit into medfly free areas. 

In 2004, Moscamed implemented a geographic information system (GIS) to 
manage the information related with detection of the pest, sterile fly releases, and the 
other activities involved in the AW-IPM activities. Since that time, information about 
ecological factors, such as hosts, temperature and rainfall, has been incorporated into 
the GIS. The GIS dataset has enabled new perspectives of the ecology and behaviour 
of the medfly populations but understanding the population ecology of medfly in 
Guatemala remains a key programme challenge. The relationship between coffee, 
Coffea arabica L. (as the main host) and fly captures was explained by Midgarden 
and Lira (2008). In addition, Auclair et al. (2008) found relationships between El 
Nifio and medfly outbreak years by combining trapping and weather information. 

One of the main factors that regulate the medfly populations is temperature. As 
with most insects, the medfly generational time is determined by degree-day 
accumulation. About 3280C degree-days are needed to complete one life cycle from 
egg to adult (Grout and Stoltz 2007). The amount of time needed for this 
accumulation varies with temperature, and therefore also with altitude. Degree-days 
are the accumulation of heat units above a “base temperature" (the minimum needed 
for development) and below a thermal maximum (above which development is also 
halted) over a 24-hour period (Pedigo 1996). Below a minimum temperature 
threshold, no development takes place, but above it, heat units drive development. In 
the case of the medfly, USDA (2003) indicated that its lower threshold is ~120C and 
its upper threshold is ~28°C. 

Temperature is not only important for medfly, but the increase of temperature is 
also one of the indicators of climate change (IPCC 2018). Climate can be defined as 
the long-term statistics of the meteorological elements in one particular area (WMO 
1992), thus climate change is a difference in the long-term statistics of a given area 
between two different periods. Rahmstorf et al. (2012) observed that global mean 
temperature has been increasing due the climate change at 0.16 ?C per decade. In 
areas below the upper threshold above which the medfly development is limited, 
these increases will have an impact on medfly population growth by shortening the 
time required for its life cycle, allowing the fly to complete more generations in the 
same time period, resulting in a higher rate of population increase. 
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Auclair et al. (2008) used an analysis of the climate-host-insect interaction to 
develop predictive tools related with El Nifio conditions, under the hypothesis that an 
increase in temperatures will also cause increases in medfly population growth. These 
models have been used in Moscamed as an early warning system of pest population's 
growth. More recently we integrated other ecological factors, including soil types, to 
generate maps of the potential distribution of medfly, and how this distribution will 
be affected 1f temperatures continue to increase. 

This chapter describes how Moscamed uses GIS to integrate the medfly ecology 
with observed patterns of populations, and how this information can be incorporated 
into prediction models that consider climate-host-medfly interaction in support of the 
pest management decision-making process. 


2. MEDITERRANEAN FRUIT FLY PROGRAMME 


Medfly was reported first time in Guatemala in 1975. In 1977, the governments of 
Guatemala, Mexico and the USA established Moscamed, a joint programme with the 
objective of protecting and promoting the fruit production in all three countries by 
containing the medfly in Guatemala (Enkerlin et al. 2015, 2017). Currently 
Moscamed operates in the state of Chiapas in Mexico, Guatemala and Belize to 
protect the medfly free areas in these countries and in the USA. The geographic area 
where Moscamed operates is shown in Fig. 1. 


Figure 1. Area where the regional Moscamed programme operates in Belize, Guatemala and 
the state of Chiapas in Mexico to contain the invasive medfly, which is already established in 
Central and South America (credit Moscamed). 
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In order to detect the pest, Moscamed currently maintains a trapping network of 
23 256 traps and conducts fruit sampling in strategic places. Coffee is the main and 
most abundant medfly host in this area. Moscamed, based on the reports of the coffee 
national institutions in Guatemala and Mexico, estimates that coffee covers an area 
of 5194 km?. Therefore, a majority of the traps are installed in coffee production 
areas. The trap locations and the coffee areas are presented in Fig. 2. In 2017, 
Moscamed covered an area of 171 102 km?, as can be seen in Fig. 3. Of that area, 
87% (149 110 km?) is considered as Pest Free Area, and most of the efforts and 
resources are oriented to maintain the pest free area status. A further 6% (9454 km?) 
is considered as Low Prevalence Area and 7% (12 538 km?) as Suppression Area. 

The main control activity of the programme is the SIT, which is applied on an 
area-wide basis for prevention, eradication, and containment, depending on the 
presence of the pest (Hendrichs et al. 2021). The sterile fly densities (males/hectare) 
are determined for areas called "release blocks" based on the Rendón Method 
(Rendón 2008), with the aim of releasing higher densities in areas with higher pest 
population levels. Blocks are visited once or twice per week and evaluated on a 
weekly based to make adjustments in density, shape or location when needed. 
Weekly, Moscamed produces 1.4 billion sterile pupae and releases them in an area 
of around 5000 km? in Mexico and Guatemala. The SIT is combined with other 
control methods such as ground bait sprays, bait stations, and aerial bait sprays where 
populations are too high for only SIT releases. The distribution of sterile male release 
blocks and densities during one particular week in 2017 is presented in Fig. 4. 


Figure 2. Moscamed trapping network in 2017, overlapping the main medfly host in Belize, 
Guatemala and the state of Chiapas in Mexico (credit Moscamed). 
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Figure 3. Moscamed working areas in 2017 in Belize, Guatemala and the state of Chiapas in 
Mexico (credit Moscamed). 


Figure 4. Sterile medfly release blocks in Guatemala and the state of Chiapas in Mexico. 
Numbers indicate fly release densities per hectare and per week (credit Moscamed). 
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3. CLIMATE CHANGE AND ITS IMPACT ON MEDFLY 


The World Meteorological Organization (WMO) defines climate as the “synthesis of 
weather conditions in a given area, characterized by long-term statistics (mean 
values, variances, and probabilities of extreme values) of the meteorological elements 
in that area" (WMO 1992). The Intergovernmental Panel on Climate Change (IPCC) 
refers to climate change as a change in those long-term statistics of weather 
conditions for an extended period, typically decades or longer (IPCC 2018). Even 
though climate change may be due to natural processes, the main concern for IPCC 
is that since 1950's the climate change has been accelerating and evidence is 
accumulating that it is caused by anthropogenic factors, with the increase of 
temperature being one ofthe indicators of climate change. Houghton (2015) indicates 
that the climate change can be observed as an increase in the mean, in the variance 
or in both. Considering temperature as the variable of interest, if the “new” climate 
has an increased mean temperature, this suggests less cold weather, more hot weather, 
and/or that the extreme hot weather will be higher. If there is an increase in the 
variance, it can be expected that there will be colder weather and hotter weather in 
the new climate. If there is an increase in both, the mean and the variance, then it is 
expected that there will be more hot weather, and the probability of occurrence of 
extreme hot weather will also be higher. 

The IPCC considers that the three main lines of evidence of the climate change 
are: a) land and ocean surface temperature anomaly, b) sea level change, and c) 
greenhouse gas concentrations in the atmosphere (IPCC 2018). These three lines have 
shown an increase, which has become more evident after 1950. According to the 
IPCC, the changes in these three variables are related to the increase of emissions of 
the anthropogenic gases, which have accelerated global warming and in consequence 
catalysed changes in the climate. The IPCC forecast is that the temperature will 
continue increasing in the next decades (IPCC 2007). The IPCC observations 
regarding temperature indicate that the total temperature increase from 1850-1899 to 
2001-2005 is 0.76?C [0.57?C to 0.95?C]. Hansen et al. (2013) observed that the 
global surface temperature in 2012 was +0.56°C (1°F) above the 1951-1980 base 
period average. 

In this chapter, the increases of temperature are the main concern for medfly, 
since temperature is a key factor in its development and population dynamics. As will 
be discussed in Section 6, changes in temperature may trigger increases in medfly 
population levels. 


4. GEOGRAPHIC INFORMATION SYSTEMS (GIS) 


In a geographic information system (GIS), the physical world is represented as 
thematic layers, so that it can be described and analysed. A GIS is considered a 
computerized system used to acquire, store, analyse and display geographic 
information, which can be used to support the decision-making process. The main 
advantage of using a GIS is that spatial-temporal analyses can be conducted, and the 
results presented in an “easy-to-read” format such as maps, which are graphic and 
simplified representations of the reality. 
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With Moscamed in Guatemala establishing its GIS in 2004 (Lira 2010), the 
trapping network information generated by its operations is converted into 
geographic data and stored with other geographic layers such as land use, 
temperature, rainfall, altitude, and soil types in a digital format. Using different GIS 
operations, modelling and analyses of the medfly populations are conducted and 
different scenarios are generated. With the adequate cartographic techniques, i.e. 
generalization and symbolization, maps are provided to decision-makers to support 
their pest management decisions. According to Huisman and de By (2009) 
symbolization is the process to choose the visual design employed to communicate 
information on a map in an efficient manner by combining the visual variables of 
colour, intensity, size, orientation, transparency, and fill. The same authors indicate 
that generalization is the process of producing a graphic representation of a smaller 
scale from a larger original scale. 

Midgarden et al. (2014) described that, for tephritid fruit fly programmes, GIS 
serve as a bridge between the trap samples and the spatial analysis methods. These 
methods enable: 1) improvement in the way to report and summarize the collected 
information in a more meaningful way; 2) identification of unrecognized patterns of 
population growth and spread, and 3) development of improved integrated pest 
management strategies. In the case of Moscamed, the use of GIS and improved 
understanding of medfly ecology allowed to change the containment and eradication 
strategies of the medfly in Guatemala. Starting in December of 2007, the Gradual 
Advance Plan (GAP) was implemented (McGovern et al. 2008). The GAP consists 
of pushing back the leading edge of the infestation by 10 to 20 km per year, with the 
subsequent movement of the low suppression and suppression areas into the adjacent 
infested areas in a strategy known as the “rolling carpet” approach (Hendrichs et al. 
2021). The GAP allowed expanding the medfly-free area 150 km into Guatemala in 
less than four years, despite severe budget reductions (Enkerlin et al. 2017). 


5. POPULATION BEHAVIOUR OF MEDITERRANEAN FRUIT FLY IN 
GUATEMALA 


Over the year, in south-western Guatemala, the growth of medfly populations in 
infested areas has a logistic trend, with an S-shaped curve. Fig. 5 describes this 
behaviour in four phases. The population growth begins in November of each year, 
reaching maximum growth rate in January, and reaching the maximum population 
size in February. After that the growth rate decreases, and then the fly population 
gradually declines, and finally reaches a minimum in October/November. Because of 
the detection system used (mainly based on adult traps), this behaviour is measured 
as captures of adult flies, and it seems to occur independent of the availability of 
maturing coffee berries (Fig. 6). However, as explained by Midgarden and Lira 
(2008), the reason for this time-displacement is that the populations seen as adults 
were laid as eggs before, when coffee berries were available. 

Depending on the altitude and the host availability, these 4 phases can occur 
earlier or later in the year, especially phases 2 and 3. But the general pattern is 
repeated every year. It can be said that the “medfly-year” runs from November to 
October. 
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Fertile Captures October 2007 - October 2008 


Figure 5: Four phases of medfly population behaviour in south-western Guatemala. 1. 
Beginning of population growth; 2. Maximum growth rate; 3. Maximum population size; 4. 
Decreasing rates and population declines, reaching a minimum size (credit Moscamed). 
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Figure 6. Relationship between captures of fertile medflies and coffee maturation throughout 
the year 2007 in the south-western region of Guatemala between 600 and 1500 m above sea 
level (the authors, based on Moscamed and ANACAFE 2008 data). 
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6. MEDITERRANEAN FRUIT FLY ECOLOGY: EFFECTS OF HOST, 
TEMPERATURE AND SOILS ON MEDFLY POPULATIONS 


The population behaviour of medfly in Guatemala, described in the previous Section, 
can be explained by different ecological factors. We analysed three factors affecting 
medfly: host, temperature, and soils. The contribution of each of these ecological 
factors to medfly populations is discussed in this Section. 


6.1. Main Host 


Coffee is the main host of medfly in southern Mexico and Guatemala (Gutiérrez 
Samperio 1976). Midgarden and Lira (2008) explained how the coffee phenology 
(including events such as flowering and fructification) interacts with medfly biology. 
According to these authors, the adult fly population outbreaks may appear in one 
location after the coffee harvest, while the growing larval population was actually 
present at another location and at an earlier time (during the coffee berry fructification 
period). 

This “shift” of the pest in time and space is related with the altitude gradient in 
which the main coffee production areas in Guatemala are located, with elevations 
varying from ~400 to ~2100 meters above the sea level. This altitudinal gradient 
drives a gradient in the time of maturation and harvesting of coffee; in consequence 
adult flies can infest the coffee berries at lower elevations in July, and gradually move 
up to higher elevations following the maturing phenology of coffee final harvest in 
December or later. 

Midgarden and Lira (2008) observed that, due to the pupation time after coffee 
harvest, the emergence of the highest population of adult flies will occur in March- 
April of the next year. At that moment, coffee berries are scarce, likely resulting in 
extensive dispersal of mature adults to search for other available hosts including 
mandarin (Citrus reticulata L.), orange (C. sinensis L.), peach, (Prunus persica L.) 
and pear (Pyrus communis L.) at middle to high altitudes and guavas (Psidium 
guajava L.), caimito (Chrysophilum caimito L.) and tropical almond (Terminalia 
catappa L.) at lower altitudes (Enkerlin et al. 2016). In summary, Midgarden and 
Lira (2008) concluded that 


"flies are captured in detection traps in March through April and can be seen 
as part of an ecological "shell game": the fly population outbreaks appear in 
one location in April (non-infested or host-poor areas west of the leading edge 
of the pest population), while the growing population was actually present at 
another location months earlier (e.g. December in untreated coffee areas to the 
East)”. 


Fig. 6 summarizes the coffee-medfly relationship explained by Midgarden and 
Lira (2008) in relation to the months of the year. In the left Y axis, the number of 
fertile or wild fly captures per month is presented, and in the right Y axis the coffee 
maturation level is shown, in a scale of 0 to 8, being 0 no berries at all, and 8 total 
maturation. After December it is expected that most of the harvest occurs, “cleaning- 
up” mature coffee berries from the field. 
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6.2. Temperature 


Regarding temperature, Ricalde et al. (2012) indicated that an insects’ development 
depends on thermal requirements, with each insect species having an optimal 
temperature range for development, limited by lower and upper thresholds (base 
temperature (Tb) and upper limit (7s)) plus a required thermal accumulation for 
developmental transition to complete a life cycle. The thermal accumulation between 
Ts and Tb in one day (24 hours) is measured in “degree-days”. These are calculated 
as follows (example): if Tb of an insect is 10 ?C, and temperature remains constant 
at 15 °C for 24 hours, 5 degree-days will be accumulated. 

Ricalde et al. (2012) found that the base temperatures for medfly were between 
8.47?C and 9.60?C and the degree-days required to complete the life cycle varies 
from 328 to 350, depending on the location. This is in accordance with Grout and 
Stoltz (2007), who found that for C. capitata be able to complete an egg-to-egg cycle 
(hatching from the egg, larvae growth, transformation into a pupae, emergence as an 
adult, reaching sexual maturity, copulation and laying of viable eggs), the thermal 
constants are: 337.8 degree-days, minimum development threshold of 9.6?C, 
maximum development threshold of 33.0°C, and optimum development threshold of 
28.5?C. According to USDA (2003), the parameters for medfly are: a) ~ 328 degree- 
days for completing a life cycle, b) ~ 12°C as minimum threshold, and c) ~ 28°C as 
maximum. These estimates vary among them, but they can be used as reference to 
estimate the length of medfly life cycle. 

Using the Grout and Stoltz (2007) thermal constants as reference, it is possible to 
estimate the length of the life cycle. If it is assumed that the daily temperature 1s 
constant at 28.5 °C, 17.87 days will be required to complete a life cycle, since each 
day 18.90 degree-days will be accumulated (28.5 °C minus 9.6 °C) to reach the 
needed 337.8 degree-days. If the temperature is constant at 20 °C, the number of days 
to complete a life cycle will be 32.48, since every day 10.40 degreed days will be 
accumulated (20 °C minus 9.6 °C). This dependency of insect development on 
temperature drives the population’s behaviour: temperature speeds up or slows down 
the life cycles, and in consequence the resulting number of flies in a fixed period. If 
it is considered that the “medfly-year” runs from November to October (as indicated 
in Section 5) and the parameters proposed by USDA (2003) are applied to the average 
daily temperature of one weather station in one site of Moscamed’s suppression area, 
it can be estimated that the number of life cycles for the “medfly-year” starting 
November 1* of 2012 to October 30" of 2013 is 7.74 (Fig. 7). 

Based on these life cycles, and considering the other ecological factors as constant 
(host availability and soils) and an estimated population increase rate of 6x (Rendon 
2008), from one wild female fly on day one of the medfly-year, after 365 days a 
medfly population of 1 021 780 flies can be expected (Fig. 8). It is important to stress 
that the quantitative estimate of the number of flies from one female does not relate 
directly to real population patterns (Fig. 5) because it considers only potential 
maximum, and not limitations from factors like host availability or predation. 

To measure the impact of increasing temperatures on medfly populations, and 
assuming an increase of 1°C of temperature, the same estimation was made. That 
estimation indicates that with such a temperature increase, the number of life cycles 
in 365 days will be 8.86 (Fig. 9). Even though that it is only 1.11 more life cycles, 
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under the same assumptions (host availability, soils, and population increase rate), 
with that increase of temperature, a population of 7 463 038 flies (more than 7 times 
higher) is to be expected after 365 days (Fig. 10). These estimations reflect the drastic 


effect of temperature on medfly populations. 
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Figure 7. Average daily temperature and number of medfly life cycles expected from 
November 1% of 2012 to October 30" of 2013 in a coffee farm in the suppression area in 
Guatemala at 1600 meters above sea level (the authors, based on weather information of 
ANACAFE 2014). 
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Figure 8. Number of life cycles and number of medflies (offspring from one wild female fly on 
day one) expected from November 1% of 2012 to October 31" of 2013 in a coffee farm in the 
suppression area in Guatemala at 1600 meters above sea level (the authors, based on 

weather information of ANACAFE 2014). 
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Figure 9. Number of medfly life cycles expected in a year in a coffee farm in the suppression 
area in Guatemala at 1600 meters above sea level in relation to an average daily temperature 
increase of 1?C (the authors, based on weather information of ANACAFE 2014). 
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Figure 10. Number of medfly life cycles and number of medflies (offspring from one wild 
female fly on day one) expected in a year with an average daily temperature increase of 1°C 
(the authors, based on weather information of ANACAFE 2014). 
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6.3. Soil Texture 


The last factor of the three factors considered here is soil. Under similar conditions 
of host availability and temperature, differences in the size of medfly populations 
have been found. Those differences might be explained by factors such as soil types. 
Larval and, mainly, pupal stages of the medfly occur in the soil, so soil conditions 
will affect medfly pupae survival. Eskafi and Fernandez (1999) found that pupal 
survival was negatively correlated with the soil bulk density, but positively with 
percentage of soil porous space and percentage of water saturation. 

To estimate the relationship between soil texture and the presence of medfly 
17 014 traps in Guatemala were used. For each trap, the maximum number of flies 
captured from 2004 to 2016 was obtained and the traps were overlaid with a map of 
soil textures (Simmons et al. 1959; MAGA 2000). The textures were classified from 
1 to 10, according to the content of sand. In this classification, 1 included very clayey 
soils (almost no sand and high-bulk density) and 10 included very sandy soils (almost 
only sand and low high-bulk density). The result of overlaying the traps with the 
classified soil textures was that each trap had a texture class and the maximum 
number of flies captured. The average of the maximum number of flies captured per 
texture class classified by sand content was calculated and plotted indicating a 
positive relationship between fly captures and the content of sand (Fig. 11). 
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Figure 11. Relationship between medfly captures and soil texture classes (1 almost no sand 
and 10 very sandy soils) (the authors, based on data of Moscamed and the soil information of 
MAGA 2001). 


From the three factors analysed, we can infer that the maximum potential for presence 
of medfly occurs in coffee production areas with yearly average temperatures of 
around 20?C, and sandy-loam soils; being the coffee availability for oviposition the 
main factor, either a) promoting population growth or b) restricting and decreasing 
population growth. 
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7. MEDITERRANEAN FRUIT FLY CAPTURES FROM 2004 TO 2016 


Even though the described population curve is observed every year, the difference 
from one medfly-year to another is that the maximum population size might be higher 
or lower. Fig. 12 presents a sequence of the yearly average fly per trap per day (FTD) 
of the wild populations from 2004 to 2016. 
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Figure 12. Average Fly per Trap per Day (FTD) numbers per year, from 2004 to 2016 in 
Guatemala and southern Mexico (credit Moscamed). 
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During this 13-year period it has been observed that there have been “good” and 
“bad” years regarding the number of flies captured. A *good-medfly-year" occurs 
when the maximum population size 1s low, as measured by relatively few captures in 
the infested areas, and as a consequence few or no finds in the neighbouring low 
prevalence and free areas. In the sequence shown in Fig. 12, 2004, 2006, 2012 are 
considered as “good” years. In contrast, a “bad-medfly-year” occurs when the 
maximum population size is higher than normal, and the number of captures is very 
high in the infested areas, spreading into the low prevalence and free areas. In the 
period of 2004 to 2016, years 2007 and 2016 are considered “bad” years. 

Even though most of the control activities (SIT application, ground and aerial 
sprays, quarantine, and mechanical control) were conducted in a similar way between 
2004 and 2016, a “jump” from one good year to a bad year was observed periodically, 
with no apparent reason. For example, between 2006 and 2007 a huge population 
increase occurred (Fig. 13). There are several hypotheses that have been advanced to 
explain this pattern. 
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Figure 13. Comparison of wild medfly captures in the years 2006 and 2007, showing a 
drastic increase in the number of captures in 2007 (credit Moscamed 2017). 


Auclair et al. (2008), suggested that the periodic changes are related to the “El 
Niño” pattern (El Niño Southern Oscillation or ENSO) (Wang et al. 2017). They 
analysed the trapping information and related it with temperature and rainfall, finding 
a correlation between the weather conditions in the “lead-in” year (6 months previous 
to the peak of the captures) and medfly population dynamics. The “bad” years were 
classified as “outbreak years” or “medfly storm years”, and the “good” years as 
normal years. These relationships indicated that dry and hot “lead-in” years will 
produce a “medfly-storm” or an “outbreak year", while wet and cool “lead-in” years 
will produce lower than average trap captures or normal years. Auclair et al. (2008) 
concluded that before a medfly-storm year: 


"rainfall was less and temperature was greater on average during the key 
months of population growth during the lead in years compared to average ". 
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These conditions, in the area in which Moscamed operates, are generated by the 
El Niño/La Niña cycle, with dry/hot years occurring with the El Niño phenomenon. 
In summary, an “El Nifio Lead-in Year" will drive to a *medfly-storm year". With 
this pattern detected, Auclair et al. (2008), generated the “El Nifio Forecast Plume", 
which basically suggests that before a year of interest that is expected to be a “medfly- 
storm" year, the signal of El Niño will increase. 

This model, generated in 2008, was executed again in 2015 (Allan Auclair, 
personal communication). An updated version of the model, together with the ENSO 
data for 2015 led to a prediction that 2016 was going to be an outbreak year. The 
prediction by Auclair was borne out in 2016, which was indeed a fly-storm year. The 
maximum number of captures in 2016 was much above the normal captures and much 
higher compared with 2014 and 2015 (Fig. 14). 
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Figure 14. Number of fertile medfly captures per month from 2014 to 2016 in the region 
(the authors, based on the information of Moscamed). 


By overlaying the medfly captures with the ENSO Anomalies from 2015 to 2017 
and the Forecast Plume, it can be observed that what Auclair predicted in 2015 was 
correct; as shown in Fig. 15. 


8. DISTRIBUTION AND PREDICTION MODELS 


In this Section we generate medfly distribution models based on the information 
generated by Moscamed, and analysis of population demographics due to the 
ecological variables mentioned above (host, temperature and soil texture). 
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Figure 15. El Niño signal (left y-axis), outbreak years and medfly capture from 2015 to 2017 
(right y-axis). The green dotted line is the “El Niño Forecast Plume” for an outbreak year 
generated by Auclair et al. (2008). The red solid line is the El Niño signal as reported by 
NOAA (2017). The brown continuous line is the total number of captures for medfly in the 
region from 2015 to 2017 (the authors, based on information of Moscamed, Auclair et al. 
2008 and NOAA 2017). 


Trapping information (a dataset of 17 014 traps serviced from 2004 to 2015) was 
overlaid with the ecological factors in order to estimate the distribution of the medfly 
in areas with no traps in Guatemala, using the maximum entropy software (Maxent) 
(Phillips et al. 2006). Maxent is a software widely used for modelling species 
distribution. It uses machine learning methods to statistically estimate the 
relationships within species presence locations (response variable) and a set of 
environmental predictors (explanatory variables). The response variable selected was 
the maximum number of flies captures in one trap in one week. Moscamed uses 
Jackson (trimedlure attractant) and Phase IV (open-bottom baited with a dry food- 
based synthetic attractant) traps for monitoring the wild populations. 

According to Midgarden et al. (2004) there is no significant difference in the total 
number of wild flies captured for these two types of traps. So, both trap types were 
included in the analysis. This variable represents the maximum level of infestation in 
one site. The explanatory variables selected were: 

1. Distance to coffee — as a measurement of the main host, generated using the 
coffee production areas from the land use map of Guatemala (GIMBOT 2014). 

2. Temperature — variable related with the life cycle, generated from the 
INSIVUMEH weather stations in the digital database of MAGA (2001). 

3. Soil texture — classified for clay to sandy, as a measurement of the effect of this 
condition on the larval/pupal stage, obtained from the soil maps of Guatemala 
(MAGA 2001). 
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With the GIS, the information was prepared to be able to use it in Maxent. The 
results of the modelling are presented in Fig. 16. The output is the logistic probability 
of presence of medfly, ranging between values from 0 to 1. 
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Figure 16. Logistic probability of medfly occurrence in Guatemala using the maximum 
entropy (Maxent) method (the authors, based on information of Moscamed). 


The IPCC observations regarding temperature indicate that the total temperature 
increase from 1850-1899 to 2001-2005 is 0.76°C [0.57°C to 0.95°C] (IPCC 2007). 
Hansen et al. (2013) observed that the global surface temperature in 2012 was +0.56°C 
(1°F) warmer than the 1951-1980 base period average. Rahmstorf et al. (2012) 
observed that global mean temperature has been increasing due to climate change at 
a rate of 0.16?C/decade. 

With these observations of consistent temperature increases and the wide range 
of medfly tolerances to temperatures (minimum and maximum), it is expected that 
fly populations will increase each year under normal conditions. To estimate the 
effect of increasing temperature due the climate change, the temperature in Maxent 
was modified by adding 1?C. The results of that estimation are shown in Fig. 17. 

According to the modelling conducted, and the prediction of the increase of 
temperature, it seems that in some areas the probability of occurrence of medfly will 
increase at higher altitudes, mainly in the temperate areas, but in lower altitudes 
(subtropical areas) this probability will decrease. This prediction might be explained 
by the fact that medfly has lower and higher temperature thresholds. As indicated 
before, it is expected that the maximum potential for presence of medfly will occur 
in areas with yearly average temperatures of around 20?C. 
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Figure 17. Logistic probability of medfly occurrence in Guatemala using the maximum 
entropy (Maxent) method and considering an increase in temperature of 1 °C 
(the authors, based on information of Moscamed). 


In the subtropical areas, the temperature is higher than this temperature, in 
consequence the increase in temperature might decrease the probability of medfly 
occurrence. In contrast, in the temperate areas, the temperature is below the optimal 
temperature of 20 °C, and the expected increase in temperature might also increase 
the probability of medfly occurrence, since the temperature will be closer to the 
optimal. Fig. 18 shows the expanded area of south-western Guatemala, where this 
contrast can be appreciated. 
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Figure 18. “Zoom-in” to the south-western area of Guatemala to see the differences between 
the modelling with current temperature (a.) and with an increase of temperature by 1°C (b.) 
(the authors, based on information of Moscamed). 
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Further analyses should include other levels of temperature increases and the 
effect of increased variance of temperature. Future analysis should also consider 
other explanatory variables, as well as using other modelling techniques for species 
distribution. 


9. CONCLUSIONS 


Climate change including temperature increase appears inevitable. Nevertheless, 
understanding how this will affect the population ecology of a pest will provide 
programme managers with key information for decisions on insect pest management 
that can minimize the negative effects of these changes. 

Knowledge about the effects of climate, in particular temperature and other 
ecological factors, such as host phenology and the population trends of medfly, has 
allowed us to develop a predictive model that can be applied as a decision-making 
tool in support of effective medfly programme management. Temperature shifts from 
climate change have a direct impact on medfly populations. Furthermore, hot and dry 
El Nifio years will increase the reproductive rate of the pest, resulting in overall 
population increase, whereas cold La Nifia years will have the opposite effect, 
resulting in population reduction. Well-coordinated AW-IPM activities based on 
information analysis is crucial to avoid the increases of medfly populations. With the 
prediction models generated, early warnings can be provided to high-level decision- 
makers and programme managers to act in an effective and timely-manner, including 
shifting programme strategies and assigning larger budgetary resources to the 
programme when expecting difficult years. 
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SUMMARY 


The Global Eradication and Response Database (GERDA, http://b3.net.nz/gerda) documents representative 
incursion responses and eradication attempts against tephritid fruit flies of economic importance, 
Lepidoptera, tsetse flies, screwworm flies, mosquitoes, ants, beetles and other particular taxa of invasive 
arthropods since 1869. It includes cases where governments were quickly resigned to the inability to 
eradicate, as well as cases where a positive outcome was sought in a declared eradication programme. The 
distribution of pests is expanding well beyond what has been recorded in GERDA, but this information 
contains useful trends. The rate of eradication attempts continued to rise during the 20" and into the 21* 
century. In the case of Lepidoptera other than gypsy moth, 75% of programmes were started in the last 20 
years. This is evidence for the rapid geographic range expansion under globalisation. It also indicates how 
active risk analysis and improved technology are increasingly enabling governments to attempt eradication 
to avoid projected substantial long-term costs of pest establishment. More than 8096 of eradication 
programmes have been successful for arthropods in the database. For certain groups such as tephritid fruit 
flies of economic importance, the success rate is even higher, due to the experience gained from previous 
similar programmes, as well as the progress in the development of lures and suppression tools. A steady 
increase in the number of eradication programmes globally suggests that current exclusion measures for 
constraining the spread of invasive species are not adequate. Cost-benefit analysis based on prior pest 
behaviour indicates that additional mitigation against certain taxa are warranted (if possible). It is likely 
that all these reasons have led to this increase in the number of eradication programmes over time as a 
consequence of increases in travel and trade volumes from an expanding number of countries, a desire to 
maintain or reduce pest pressure on exotic and native commodities, and the development of new tools to 
increase the technical feasibility of eradication attempts. It is notable that arthropod eradication programmes 
still rely significantly on insecticides, but their importance is steadily decreasing when compared to the 
application of other tools. 
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1. INTRODUCTION 


Invasive insect pest species are spreading as a consequence of increasing global trade 
and continue to emerge as a threat to food production and ecosystem health (Liebhold 
et al. 2016). This includes insect pests that need to be controlled to avoid significant 
losses in cropping systems in all regions of the world (Vreysen et al. 2016). Failure to 
manage these species would have serious consequences for food production 
worldwide (Vreysen et al. 2007). Some pests have already become ubiquitous global 
pests, but many are still undergoing geographic range expansion (EPPO 2018). There 
are sometimes arguments over what constitutes the current range of some species, 
such as the debate over whether tephritid fruit flies have established below detectable 
levels in California (McInnis et al. 2017; Carey et al. 2017; Shelly et al. 2017). There 
is also evidence of a problem of “fake news" in at least one eradication programme in 
California (Lindeman 2013). 

Government-led incursion response programmes can have either eradication or 
sometimes just delimitation and containment as the goal. Governments often conduct 
a risk analysis to assess whether the establishment of the unwanted organism is likely 
to exceed an economic, environmental or social impact threshold and require an 
attempt to eradicate (Tobin et al. 2014). As part of a project identifying factors 
affecting outcomes from arthropod eradication efforts (Tobin et al. 2014; Liebhold et 
al. 2016), a global eradication database called *GERDA" (Kean et al. 2017) has been 
collating official incursion response programmes that can range from doing nothing 
through attempting eradication. 

GERDA input is based on volunteerism, and registration for a login to access the 
data is free. GERDA contains information on 1139 incursion responses, of which 
1037 led to eradication attempts (Kean et al. 2017). While this is not a complete list 
of all global incursion response data, data are continuously being verified and entered 
into the online database. More than 430 registered users of GERDA are listed, from 
43 countries. The base data are available along with references so that entries can be 
checked. 

The GERDA data have been contributed by many individuals, who share the 
vision of everyone having access to information that will facilitate better decision- 
making with respect to incursion responses. The data, scope and definitions used in 
the database are available (e.g. Box 1, Kean et al. 2017) and have been used to review 
global trends (Tobin et al. 2014), as well as details for particular taxa. For example, 
28 lepidopteran species were the target of 144 known government-led incursion 
responses, with effort spread across 12 moth families, dominated by the Lymantriinae 
and Tortricidae (Suckling et al. 2017). Likewise, Suckling et al. (2016) reviewed the 
eradication of fruit flies of economic importance covering more than 200 programmes 
across 16 species. 

In this paper, we reinvestigated the database for trends in 811 arthropod 
eradications in 94 countries, with an additional 63 programmes added since Tobin et 
al. (2014). 
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2. RESULTS 
2.1. Summary of Known Arthropod Eradications 


To August 4, 2017, the database reported 1093 incursion responses including 972 
eradication programmes in 105 countries, targeting 309 taxa, of which 166 were 
arthropods. A total of 768 arthropod eradications have been recorded. Of the 634 
arthropod programmes for which the outcome is known, 514 (8196) were successful 
and 120 (19%) failed. The number of arthropod eradication programmes initiated 
climbed rapidly through the second half of the 20" century (Fig. 1). 


Box 1. GERDA: Frequently Asked Questions 
(Kean et al. 2017 (GERDA, http://b3.net.nz/gerda/faq.php) 


The word "eradicate" originates from the Latin "to uproot" (eradicatus). In ecology, eradication is 
the intentional local extinction, or extirpation, of a particular taxon. This involves the killing or 
complete removal of every individual of a population of the target taxon from a defined area, i.e. 
achieving population size zero. 

The target taxon is most often a population of a species but may sometimes be a subspecies or 
more than one closely related species. Eradication programmes almost always target populations of 
pestiferous invasive species in part of their invaded range. 

The target area for an eradication programme may vary greatly in size. Often eradications are 
carried out in geographically-isolated areas, such as islands, to minimise the risk of reintroduction. 
Sometimes, however, eradications may target a particular part of a species' range because of the 
environmental, economic, or political benefits of removal, even if the species is likely to reinvade. 

One of the biggest challenges of any eradication programme is demonstrating success. The 
International Plant Protection Convention (IPPC) specifies standards for plant pest eradications in its 
International Standards for Phytosanitary Measures No. 9 (FAO 2016a), but these are largely 
descriptive. Current international practice specifies that, provided that adequate surveillance activity 
has been carried out, eradication of most plant pests can be declared once there have been no 
detections for at least three times the normal generation time of the target taxon (FAO 2016b; Kean 
et al. 2017). 


Of the 768 arthropod eradication programmes recorded so far in GERDA, the 
method of pest detection is known for 42% of the entries. A range of detection 
methods led to the start of these programmes (Fig. 2), of which more than half were 
based on specific traps and lures (e.g. pheromones). In contrast, insect traps without 
specific lures (e.g. a light trap) have not been the primary tool for detection of a pest 
that has subsequently been subjected to an eradication programme. 


2.2. Clustering of Arthropod Eradications 


Certain orders of insects were more frequently targeted for eradication, especially 
Diptera (Tephritidae and Culicidae in particular), followed by Coleoptera and 
Lepidoptera (Table 1). This is likely due to the potential significant impact that species 
from these groups have on primary agricultural production and human health, as well 
as the availability of eradication tools (Suckling 2015). 
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C 
120 180 240 
Frequency 


[. ] eradicated [ —] not eradicated MB outcome unknown 


Figure 1. Arthropod eradication programmes initiated each decade, reported in the Global 
Eradication and Response Database, GERDA (http://b3.net.nz/gerda) (accessed August 4, 
2017). *Data for this decade are from January 2010 until August 4, 2017. 


E Targeted traps or lures 


Bl Untargeted (generalist) traps 
or lures 


El Host or risk site searches 
EI Industry/scientific vigilance 


O Passive surveillance (public 
vigilance) 
4 
Figure 2. The number of times various detection methods led to the initiation of arthropod 


eradication programmes stated in the Global Eradication and Response Database (updated 
from Kean et al. 2017). 
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GERDA shows evidence of the same clusters forming around similar arthropod 
taxa as can be found in a database on attractants for pest management (Suckling 2015; 
El-Sayed 2018). GERDA illustrates the complexity of the different life histories that 
must be sufficiently understood before engaging in eradication attempts. 

Once detection trapping systems are developed, it is frequently possible to use 
knowledge from previous programmes against similar threats to gain efficiencies. 
Some methods are applicable over a range of different taxa, whereas in other cases, 
methods available for closely related species can be easily adapted. 

A number of major taxa showed a high degree of re-occurrence as targets of 
eradication programmes (Table 1; Fig. 3). 


Table 1. Number of eradication programmes so far recorded in the Global Eradication and 
Response Database (GERDA) and success rate by insect order (August 4, 2017) 


Order Count % Likely or Confirmed 
Eradication 

“ Diptera l 331 ' 77.6 
Coleoptera 139 42.4 
Lepidoptera 135 73:5 
Hymenoptera 70 62.8 
Hemiptera 34 50.0 
Isoptera 18 38.9 
Thysanoptera 11 64.0 
Other 33 72.0 
Total 768 


100 4 


Percentage of successes (n) 


Figure 3. Percentage of successful arthropod eradication programmes by major target taxon 
(from GERDA, updated from Kean et al. 2017). 


510 D. M. SUCKLING ET AL. 


The eradication success rate was relatively high for most major target taxa. 
However, success rates were lower for weevils and buprestid beetles, notably the 
emerald ash borer, Agrilus planipennis Fairmaire (Buprestidae), which has proven 
difficult to eradicate with the current tools available. About 6096 of tick (Ixodidae) 
and tsetse fly (Glossinidae) eradication programmes were successful, followed by ants 
(Formicidae) and mosquitoes (Culicidae), longhorn beetles (Cerambycidae), tussock 
moths (Erebidae), leaf beetles (Chrysomelidae) and fruit flies (Tephritidae) (Fig. 3). 
The few thrips were largely in glasshouse situations. 

We acknowledge that the GERDA data probably contain some reporting bias, but 
contend that the results are nevertheless indicative of a trend whereby some insect 
taxa are more easily eradicated than others, due to their biology, invasion dynamics 
or the tools available to detect and manage them. 

The clustering of certain targets at different taxonomic levels, such as the 
Tephritidae within the Diptera, rather than representatives of all families within the 
Diptera, indicates the patchiness of pests in certain taxonomic and economic clusters. 
Even though flies have a broad range of hosts, the vast majority are not pests, apart 
from those with fruit, animals or humans as hosts, which are well represented in the 
eradication data as targets on multiple occasions. 


2.3. Increase in the Number of Arthropod Eradication Programmes 


The annual number of eradication programmes across all invasive arthropods has 
increased steeply in recent decades (Fig. 1), but this has been accompanied by the 
development of more specific, environmentally-friendly and cost-effective tools. In 
fact, the sub-family Lymantriinae demonstrate how, with the development of new 
tools, patterns of eradications attempts can change. The 74 Lymantria dispar L. entries 
in GERDA are USA-dominated due to the “Slow the Spread Programme" for L. dispar 
in the USA (Sharov et al. 2002). For the 61 programmes against this pest for which 
the control tools are known, initial eradication and management attempts in the late 
19% and early 20" centuries consisted of picking of egg masses by hand as one of the 
few options available (Myers et al. 2000). This was followed by the spraying of 
persistent insecticides, which showed a steady increase until the 1960s, when efforts 
were made to develop alternative control methods, such as mass-trapping approaches 
(Fig. 4). 

The synthesis of the sex pheromone for L. dispar enabled the delimitation and 
monitoring of populations through the trapping of male moths attracted to traps (Bierl 
et al. 1970). Then in the 1980s, the biopesticide, Bacillus thuringiensis kurstaki, was 
extensively trialled in the USA for use against Lepidoptera (USFS 1994). Also, at this 
time, mating disruption became more readily available (Cardé, this volume), after 
being tested and reported from the late 1970s (Schwalbe et al. 1979). In addition, a 
number of Sterile Insect Technique (SIT) field trials were successfully conducted 
against gypsy moth in the 1970s and 1980's, but it was concluded that the method was 
not cost-effective (Simmons et al. 2021). 
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In the 1970's and 1980's there was a rapid increase in the number of L. dispar 
eradications attempted (Fig. 4). The biopesticide is now the only tool recorded as used 
for eradication for the past 20 years, probably because it is cheap to apply, and a large 
amount of the moth's range is over forested areas, so few people are affected by 
application, thus not opposed to its use. The effectiveness of the biopesticide and the 
acceptability of its use, is probably the reason why there has been a shift from multiple 
tools used in earlier years, to a single tool used in recent years for the eradication of 
L. dispar (Fig. 4). 


55-] 1] Physical removal 
| SIT 

77] Odour-based 

454 ÑW Biopesticide 

so] L_ ]Pesticide 


Number of eradication programmes 


1880 1900 1920 1940 1960 1980 2000 
Start decade 


Figure 4. The type of suppression tools used for 61 Lymantria dispar eradication programmes 
over time. Physical removal includes both removal of host and hand removal of the pest; 
odour-based includes mass-trapping, lure and kill, and mating disruption (from GERDA, 

updated from Kean et al. 2017). 


However, urban-based eradications can face public opposition to aerial use of the 
biopesticide, so mass-trapping, mating disruption used with reduced rates 
(Tcheslavskaia et al. 2005), or sterile insect release can present more favourable 
options (Gamble et al. 2010). In fact, mating disruption is widely used in the “Slow 
the Spread Programme” (Tcheslavskaia et al. 2005; Liebhold et al. this volume), 
although details of this suppression programme on the leading edge of gypsy moth 
infestation are not reported in GERDA due to its focus on eradication programmes. 

It is not possible to identify a single cause of the increase in the number of 
arthropod eradication and response programmes, but it is likely due to a combination 
of several factors, including the ability to monitor and detect introduced pest 
populations with their sex pheromone, from the 1970s. 
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With the development of better or more publicly-accessible pest control 
technologies throughout time, a corresponding change in the type of management 
methods used is expected, and this appears to be the case (Fig. 5). 


TT] Physical removal 


—- VA Odour-based 
KS Biopesticide 
20 [|__| Pesticide 


150 
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Number of eradication programmes 
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Figure 5. The number of programmes using different tools to eradicate populations of 
arthropods. Note some programmes used multiple tools. Physical removal includes both 
removal of host and hand removal of the pest; odour-based includes mass-trapping, lure and 
kill, and mating disruption (from GERDA, updated from Kean et al. 2017). 


Insecticides still feature heavily in arthropod eradications, but they are steadily 
decreasing percentage-wise (for example, see 1930-1950s in Fig. 5 where they 
represented most of the tools used in the past versus today). Failed eradications 
suggest that pest management costs and area of insecticide treated crops is likely rising 
over time (ca. 20% of programmes). In the case of newly established pests, the new 
applications of insecticides can disrupt existing integrated pest management (IPM) 
programmes using biological control (Cameron et al. 2009) and force the return or 
initial establishment of broad-spectrum insecticide programmes (Berry et al. 2009; 
Vereijssen et al. 2015). This pattern has been repeated many times and one of the 
impacts of such invasive species is to remove the future opportunity for agricultural 
production using organic means, where demand and opportunities do exist in Western 
countries. 

Unexpectedly, removal by hand and host removal was the primary tool in the early 
2000s. This may be due to new pests being targeted, for which there was little 
information on alternatives, including tree-killing beetles, such as the emerald ash 
borer A. planipennis (Fig. 5). 
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With the development of odour-based lures, control options for greener 
technologies have increased primarily for Lepidoptera, but this approach has also been 
used for Coleoptera and Diptera species. The SIT is a technology without non-target 
impacts, but the need to maintain colonies of the target pest species and security 
requirements for radiation sources has likely led to the limited number of lepidopteran, 
coleopteran and dipteran species for which SIT has been used (Klassen et al. 2021). 
Nevertheless, this number is gradually increasing and recent studies found that it 
might be feasible to tackle other pest taxa with SIT integration in the future, such as 
the brown marmorated stink bug, Halyomorpha halys (Hemiptera: Pentatomidae) 
(Welsh et al. 2017), or Drosophila suzukii (Matsumura) (Diptera: Drosophilidae) 
(Lanouette et al. 2017). 

New sources of radiation that can be switched off, such as X-ray, remove the need 
to secure or replenish decaying radioactive sources, an expensive exercise 
(Mastrangelo et al. 2010; Mehta and Parker 2011). This technology is also 
increasingly being used for post-harvest disinfestation (Follett and Weinert 2012), but 
there still remain issues of reliability, which are of serious concern for the SIT 
component of these programmes. 

The cost of achieving eradication is positively related to the size of the infested 
area (Fig. 6), with successful outcomes more likely when the detected population is 
still small and at low density, but this is not necessarily guaranteed. However, the 
availability of detection tools (Fig. 2) probably allows for the earlier detection of the 
pest, better delimitation, and thus a quicker eradication (Tobin et al. 2014). 
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Figure 6. Rise in normalised cost of eradication with infested area for arthropod eradication 
programmes where the outcome is known or unknown (USD in 2015) (from GERDA, updated 
from Kean et al. 2017). 
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3. DISCUSSION 


The rapid rise in non-native arthropod incursions and eradications is a concerning 
trend, because it has been clear for more than 10 years that passive vectoring from 
international travel and trade volumes, including non-commercial postal shipments, 
has risen to the stage where current biosecurity processes in most jurisdictions are 
inadequate to prevent or even reduce incursion frequencies (Liebhold et al. 2006). 
This has potential implications for food production in the cases of some of the worst 
invaders (Vreysen et al. 2007). In part, access to nutritious food supply becomes more 
challenging wherever horticultural crops become scarce due to fruit fly or other insect 
attacks and the diet shifts towards cereals which lack some of the 20 or so 
micronutrients required (Broadley and White 2010). The expansion of oriental fruit 
fly Bactrocera dorsalis (Hendel) (Diptera: Tephritidae) into Africa and islands of the 
Pacific region, and onto additional host plants (Grové et al. 2017) illustrates the point. 

On the positive side, there has been a rapid rise in government-led eradication 
programmes, along with a rise in countries undertaking eradication efforts (to at least 
90), which is encouraging in view that in the past there was often only resignation 
and no attempt to contain and eliminate an incursion. GERDA does not document all 
of the cases where governments were quickly resigned to the inability to eradicate, 
but it represents cases where a positive outcome was sought in a declared eradication 
programme. These undeclared cases add to the increasing burden of pests discussed 
here, and it should be noted that the distribution of some pests have expanded well 
beyond what has been recorded in GERDA, due to its focus on eradication, not pest 
management. 

A number of trends affecting the probability of success are clear in the data. The 
type of invasive organism makes a difference to the outcome, which is directly linked 
to the type of surveillance that is possible. Tobin et al. (2014) reported that the 
availability of lures was an enormous (>22-fold) factor increasing the likelihood of 
early detection followed by eradication. The type of organisms that warrant 
eradication are clustered in groups, which frequently turn out to be targets of pest 
management in other jurisdictions (Suckling 2015). This implies recognized pest 
status rather than new offender status, although both cases exist. Novel and unwanted 
tussock moths (Lepidoptera: Erebidae: Lymantriinae) were detected in New Zealand, 
which led to several large-scale aerial urban biopesticide-based eradication 
programmes, but the particular species involved in the incursions were not anticipated 
(Brockerhoff et al. 2010). 

The ability to conduct delimitation of an incursion is essential to the eradication 
success, so perhaps it is unsurprising that there is investment in developing and using 
insect attractants in many countries, although their commercial availability often lags 
behind the scientific reports (Baker et al. 2016). Across all arthropods, more than 80% 
of eradication programmes have been successful, although for certain groups, such as 
fruit flies of economic importance, the success rate is even higher (~90%). All sectors 
have been affected by invasive arthropods, although some have had a lot more 
experience than others, particularly sectors related to food production in horticulture 
or urban gardens, and human and animal health. 
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One of the species with a high colonisation rate as well as a record of eradication 
success is B. dorsalis, a tephritid fruit fly for which effective lures are available. In 
addition, the Lymantria species were well represented in this group, and they too have 
been eradicated many times. Attractants used to lure these two species, as well as 
other damaging pests, to traps have been identified as well as a number of control 
strategies. The advanced state of detection and control tools for B. dorsalis and 
Lymantria species is probably because of the large damage they cause and the rate at 
which they spread in the new range, which has prioritised research in this area. This 
has probably led to the unexpected result that a high dispersal rate is not a factor 
limiting success rate. As Tobin et al. (2014) highlighted, the existence of a detection 
tool, and thus likely a detection network programme, has had a bigger impact on 
success rate. Generally, the availability of multiple tools that can be used for 
eradications can lead to faster successful outcomes, but there are examples, such as a 
single or a few applications of B. thuringiensis kurstaki that resulted in successful 
eradication of L. dispar populations. 

Tobin et al. (2014) reported 672 eradication programmes against arthropods (to 
2010), and we have been able to compile additional cases, although of course 
current entries are best checked directly on the GERDA database, where users can 
find simple summary tools (Kean et al. 2017). Tobin et al. (2014) discussed several 
biases of data compiled in this database, e.g. more recent data are easier to locate 
and compile, and that successful programmes are reported more often due to the 
reluctance to publicize failures. 

We contend, however, that the evolving database GERDA is robust to indicate 
the trends and drivers of eradication success and failure. For Lepidoptera other than 
gypsy moth, 75% of programmes were started in the last 20 years, suggesting rapid 
geographic range expansion under globalisation (Suckling et al. 2017). This entails 
that regular reviews of the trends in new data will be warranted, and/or the need of 
regulatory agencies to input their eradication data and use GERDA in order to remain 
updated. Operational biosecurity agencies involved in arthropod eradication are 
already invited to contribute their data to GERDA, to strengthen the evidence for 
conclusions and policy over time. 

A fast increase in the number of eradication programmes globally suggests that 
current exclusion measures are not adequate to manage an increasing risk to global 
food security, due to an unrelenting supply of invasive species (Seebens et al. 2017). 
An increase in the biodiversity of invasive pests is emerging, increasing the challenge 
considerably. However, pest incursions have motivated the development of newer 
technologies that will make incursion responses and eradication success a more likely 
outcome in the future. 

The role of public support cannot be over-stated, and as Lindeman (2013) states: 


"the California Department of Food and Agriculture (CDFA) lost the battle over 
aerial spraying against the invasive light brown apple moth (LBAM, Epiphyas 
postvittana (Walker)) largely because of a report and other supporting grey 
literature documents that expressed highly disputable facts, evidence, and 
conclusions." 


Vigilance over the facts is clearly needed by the scientific community. 
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SUMMARY 


The presence ofthe Mediterranean fruit fly Ceratitis capitata (Wiedemann) (Tephritidae) in the Dominican 
Republic was officially reported in March 2015. Subsequent delimitation found that the pest had already 
spread to 2053 km? in the eastern part of the country, constituting a major outbreak. Trading partners 
imposed an immediate ban on most exports of fruit and vegetables listed as hosts of the pest, resulting in a 
loss of over USD 40 million over the remaining nine months of 2015. The outbreak was centred on Punta 
Cana, one of the busiest tourist destinations in the Caribbean. The agricultural production sites affected by 
the ban were more than 200 km away from the outbreak. The Dominican Government established the 
Moscamed Programme (Moscamed-RD) through its Ministry of Agriculture as an emergency response. 
This programme received the financial and operational support to carry out all required surveillance and 
control activities. The Food and Agriculture Organization of the United Nations (FAO), the International 
Atomic Energy Agency (IAEA), and the United States Department of Agriculture-Animal and Plant Health 
Inspection Service (USDA-APHIS) cooperated to assist the country in establishing a national monitoring 
network to determine the geographic extent of the outbreak and to initiate an eradication campaign with 
support from regional organizations such as the Organismo Internacional Regional de Sanidad 
Agropecuaria (OIRSA) and the Interamerican Institute for Cooperación on Agriculture (IICA). The 
regional Guatemala-México-USA Moscamed Programme played a major role in assisting through 
technology transfer, which included the application of the Sterile Insect Technique (SIT) and other 
integrated pest management components. An international Technical Advisory Committee (TAC), chaired 
by FAO/IAEA, provided technical oversight beginning in September 2015. The last fly was detected in 
January 2017 and official eradication was announced in July 2017 after six generations had passed with no 
detections of the pest. The Dominican Republic is now on the list of countries that have successfully 
eradicated the Mediterranean fruit fly and has substantially strengthened its fruit fly surveillance system 
and emergency response capacity. 
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1. INTRODUCTION 


Agriculture contributes substantially to the Dominican Republic's GDP and is the 
primary employer of the labour force, as well as among the main sources of foreign 
currency. Fruit and vegetable production and exports make up a significant portion of 
these benefits, including the production of avocados, bell peppers, mangoes, and 
tomatoes. Exotic pests and diseases present a risk to agricultural production and 
exports, and international phytosanitary standards recommend continuous vigilance 
to prevent negative impacts on this sector of the economy. The Dominican Republic 
experienced the repercussions of the presence of an invasive pest for which it was 
largely unprepared. 

The incursion of Mediterranean fruit fly Ceratitis capitata (Wiedemann) into 
Dominican Republic was of high importance, not only for the country, but for all other 
countries of the Caribbean Basin that are free of this major pest. Its presence was 
suspected by the Dominican Republic's Ministry of Agriculture in October 2014. 
After accurate identification was confirmed, the detection was officially reported in 
March 2015. Exports of listed Mediterranean fruit fly host fruit and vegetables were 
banned immediately by trading partners as the lack of an operational national 
detection system caused uncertainty about the extent and the distribution of the pest 
in the country. This reduction of exports resulted in a loss of more than USD 40 
million over the remaining nine months of 2015, putting some 30 000 jobs at risk (Gil 
2016). 


1.1. Characteristics of the Outbreak 


The outbreak was located in the Punta Cana region in the eastern Dominican Republic 
(Fig.1), one of the most visited tourist destinations in the Caribbean, and therefore the 
pest was suspected to have been brought by tourists. Delimitation trapping confirmed 
high densities of the pest in the coastal areas of Punta Cana and adjacent Bávaro, with 
sporadic detections in several contiguous provinces within the surrounding area of 
2053 km?. 

Fortunately, agricultural production of Mediterranean fruit fly hosts for export was 
non-existent in the affected area, with the major fruit and vegetable production sites 
affected by the ban located more than 200 km away from the outbreak. An additional 
characteristic of the outbreak was that certain known hosts, which are typically moved 
through commerce, such as mangos, citrus, guavas, cherries (acerola), and other host 
fruits common in backyards throughout the region were not attacked. Rather, larval 
finds were limited to three species of wild or ornamental fruits of no agricultural 
importance (see Section 2.2.2.). 
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1.2. Establishment of the Moscamed Programme in the Dominican Republic 


The Government of the Dominican Republic, through its Ministry of Agriculture, 
responded to this emergency with the establishment of the Moscamed Programme in 
the Dominican Republic (Moscamed-RD), providing the required financial and 
operational support to perform all recommended delimitation and eradication 
activities. 

The initial challenges were, among others: social and economic effects of the 
export ban; pressure of the media and private sector; answers demanded by 
stakeholders; questions by some on the need for eradication; mobilizing for financial 
and human resources; and streamlining external support, as assistance was being 
offered by a number of entities. 


T0 


Figure 1. Map of the island of Hispaniola showing the Mediterranean fruit fly-infested area 
in 2015 in the eastern part of the Dominican Republic, covering parts of the provinces of La 
Altagracia, La Romana, San Pedro de Macoris, El Seibo and Hato Mayor (red= infested 
area; yellow= buffer area; green= free area). 


The Food and Agriculture Organization of the United Nations (FAO), the 
International Atomic Energy Agency (IAEA), and the United States Department of 
Agriculture (USDA), through its Animal and Plant Health Inspection Service 
(APHIS), collaborated to assist the Ministry of Agriculture in establishing a national 
monitoring network to delimit the distribution of the outbreak and to initiate an 
eradication campaign. First steps were begun by USDA-APHIS, followed by a series 
of technical assistance and capacity building missions by the Guatemala-Mexico-USA 
Moscamed Programme (Enkerlin et al. 2015, 2017). 
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In view of the potential devastating damage of the Mediterranean fruit fly to the 
Dominican Republic and neighbouring countries of the Caribbean Basin, an 
international coordination meeting took place in Santo Domingo in May 2015 with 
the participation of FAO, IAEA, regional organizations such as the Instituto 
Interamericano de Cooperación para la Agricultura (IICA) and the Organismo 
Internacional Regional de Sanidad Agropecuaria (OIRSA), as well as USDA-APHIS. 
The objective was to coordinate technical and financial support, as well as the supply 
of some critical equipment and resources. In September the technical assistance was 
formalized under FAO/IAEA, which established and coordinated a Technical 
Advisory Committee (TAC) composed of international experts. 

Authorities of the Ministry of Agriculture of the Dominican Republic, with 
encouragement of the USDA-APHIS and the FAO/IAEA, agreed to collaborate under 
a Cooperative Agreement with the Moscamed Regional Programme (Guatemala- 
Mexico-USA). The Letter of Understanding validating the agreement was signed in 
July 2015 taking into consideration the potential devastating damage of the 
Mediterranean fruit fly and the expertise available in this regional programme to help 
manage the pest outbreak. 

This agreement facilitated not only continued training, but also equipment and 
supplies (some loaned or donated by USDA-APHIS) for trapping as well as the release 
of sterile male flies, also supplied on a cost recovery basis by the Mediterranean fruit 
fly mass-production facility in El Pino, Guatemala. This synergistic cooperation 
played a major role in assisting the Moscamed-RD Programme through technology 
transfer of all components of an area-wide integrated pest management (AW-IPM) 
approach that included the Sterile Insect Technique (SIT) as a major component in the 
final eradication phase (Dyck et al. 2021). 


2. DELIMITATION OF OUTBREAK AND PREPARATORY ACTIVITIES 


The eradication process followed during the 2015-2017 campaign, which is broadly 
summarized in Fig. 2, included these phases and actions: 


2.1. Preparatory Pre-eradication Phase 


Immediately after reporting the detection of the Mediterranean fruit fly in the eastern 
part of the Dominican Republic, trade restrictions were imposed on the export of 
Dominican fruit and vegetable host material. This was mainly due to the absence ofa 
solid operational trapping network and resulting uncertainty about the geographic 
distribution of the pest. 

Through the above-mentioned Cooperative Agreement, technology transfer and 
capacity building efforts were strengthened, and training of Moscamed-RD personnel 
continued in subjects such as detection, identification (taxonomic as well as sterile vs. 
wild), pest suppression and eradication, public relations, quarantine and other 
activities related to the implementation of AW-IPM programmes. 


INVASIVE MEDFLY ERADICATION IN THE DOMINICAN REPUBLIC 523 
¿ Official 
a Son = = Doy Dru 
Time 
6 months 6 months 9 months 6 months Ongoing 


[DO A o AAA A 


Phase PREPARATORY SUPPRESSION ERADICATION POST-ERAD. PEST FREE AREA 
* Inform stakeholders and e Inform stakeholders and | e Inform stakeholders and e Inform stakeholders and | e Inform stakeholders and 
general public general public general public general public general public 


Actions 


* Pest monitoring (Baseline 
data collection) 

-Trapping 

-General fruit sampling 


e Training - 
e 
eInfrastructure/equipment 
(Lab ID, pachiflz center, 
vehicles, materiales) 


e, Srategic eradication plan 
(define working areas) 


* Technical and financial 
work plan 


* Information system (data 
bases) 


Pd 


e Pest monitoring 
-Trapping 
-General fruit sampling 


|» Control 
-Insectictie-bait 
application 
-Mechanical qontrol 
-Bait stations 
-Sterile flies ground 
release 1 


e Infrastructure/ Y. 
Equipment 
-Quarantine 
-Packing centre 


* Information system (data 
bases) 


e Pest monitoring 
-Trapping 
-Targeted fruit sampling 


* Control 
-Area-wide SIT (Sterile fly 
release ground/aerial) 


e Quarantine 

-Internal 

-International 
-Emergencia action plan 


elnformation system (data 
bases) 


e Deteccion 
-Verification trapping 


e Control 
-International quarantine 


* Emergency action plan 


* Deteccion 
- Activities points of entry 


Control 
-International quarantine 


* Emergency action plan 


Figure 2. Phases and actions of the eradication process followed during the Mediterranean 
fruit fly eradication campaign 2015-2017 in the Dominican Republic (dotted line is a 
theoretical representation of population density) (source Walther Enkerlin, FAO/IAEA Insect 
Pest Control Section). 


The detection system was gradually enhanced from the original limited and 
occasional trapping to an effective national surveillance system. Trap types used 
included Jackson traps baited with the male-attractant trimedlure, the female-biased 
Phase IV traps baited with the synthetic food lure Biolure, and Multilure traps baited 
with the more generic liquid protein baits such torula yeast and Ceratrap. 

The trapping network during the preparatory or pre-eradication phase rapidly 
expanded from 1006 traps, mainly at points of entry (every two weeks with inspection 
levels of only about 25% of traps), to 14 589 traps country-wide (9936 male-specific 
Jackson traps and 4653 female biased Phase IV traps) that remained in place during 
2015 (Table 1 and Fig. 3). 

The country-wide trapping reached inspection levels of over 95% (weekly in the 
buffer and infested areas, or every two weeks in the Mediterranean fruit fly-free areas 
and points of entry). 

Trapping and fruit sampling were significantly increased in the eastern region, 
aimed at accurately determining the distribution and potential spread of the 
infestation, locating any remnants of the infestation that may have been missed, as 
well as enabling sound decision-making and planning of suppression and eradication 
activities. The majority of traps in the country, 64% (or 9936 traps) were placed in the 
eastern region, where the initial detection occurred, consisting of 4687 Jackson Traps 
and 5249 food-based traps (Fig. 4). 
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Table 1. Maximum number of traps in the national Mediterranean fruit fly trapping network 
established in 2015 in the Dominican Republic 


San Rest of 
Traps/ La Alta- La El Hato Pedro de Domi- Total 
Attractant gracia Romana Seibo Mayor Macon nican 
acorís ; 
Republic 
Jackson 2797 363 605 476 446 5249 9936 
Trimedlure 
Phase TV/ | 3015 430 57 | 372 259 0 4653 
Biolure 
Total 5812 793 1182 848 705 5249 14 589 


Figure 3. National Mediterranean fruit fly trapping network established in 2015 in the 
Dominican Republic (yellow triangles= Jackson traps, green circles= Phase IV/Biolure 
traps). 


INVASIVE MEDFLY ERADICATION IN THE DOMINICAN REPUBLIC 525 


Figure 4. Trapping network in the eastern region of the Dominican Republic (vellow 
triangles= Jackson traps, green circles= Phase IV/Biolure traps). 


During this preparatory phase, fruit sampling activities followed a general 
approach, systematically collecting a wide range of soft-skinned fruit species that 
could potentially be susceptible to Mediterranean fruit fly infestation. A total of 
10 589 fruit samples were collected and dissected. Once the host range had been 
assessed for the Dominican Republic, a targeted stratified sampling protocol was 
implemented as explained in Section 2.2.2. (FAO/IAEA 2017a, and FAO/IAEA 
2018). 

The results of the surveillance system indicated that the infestation was 
concentrated in and around the coastal touristic areas of Punta Cana and Bavaro, with 
sporadic wide-spread detections throughout the eastern provinces. Most adult (1572) 
and immature stages of the fly (1189 larvae in 225 infested samples) were found in 
the 8 weeks after initial activities were begun in March 2015. The pest was found not 
only in the Punta Cana and Bavaro area, but later also in other areas in the Province 
of La Altagracia, and subsequently also in the nearby provinces of El Seibo, San Pedro 


526 J. L. ZAVALA-LÓPEZ ET AL. 


Macorís, and Hato Mayor (see Fig. 7). A reproducing and recurring population was 
also found in a popular tourist area in the Province of La Romana. 

The group of international experts commissioned by the FAO/IAEA under the 
external TAC first met on-site in January 2016 and reviewed activities and results so 
far achieved during the initial months of the programme. The TAC confirmed that 
eradication was still feasible and recommended that an area-wide programme be 
established, integrating the SIT, as the core eradication activity, with other control 
methods. 

The cooperation with several stakeholders, in particular experts from the 
Guatemala-México-USA Moscamed Programme and the FAO/IAEA, as well as the 
recommendations ofthe TAC (September 2015, January 2016, October 2016 and July 
2017), served to guide the implementation of all activities and provide continuous 
technical back-stopping. 


2.2. Suppression and Eradication Phase 


The new surveillance system (trapping and fruit sampling) allowed the programme to 
develop and implement the strategies for the immediate suppression and ultimate 
eradication of the established Mediterranean fruit fly populations. 


2.2.1. Detection - Trapping Networks 

The goal during this suppression phase was a trap density of 2 traps per km? at a 1:1 
ratio (Jackson trap to Phase IV/Multilure trap) in areas with host presence, as well as 
achieving high trap servicing levels (Fig. 5). Once the SIT was initiated, the trap ratio 
was adjusted in release areas to a 1:9 ratio to focus on wild female detection and to 
minimize sterile male recapture. Trap service intervals were changed to once every 
two weeks in the Mediterranean fruit fly-free areas and remained at once per week in 
the infested and buffer areas of the eastern region (Fig. 5). 

For each Mediterranean fruit fly find, a high-density delimitation trapping was 
installed in a 9 km? area around the find for three life cycles, as indicated by 
international trapping protocols (FAO 2016). 

Once the infestation on the island was well delimited and aerial sterile fly releases 
initiated in 2016, the total number of traps in the Mediterranean fruit fly-free areas of 
the eastern region was gradually reduced to allow concentrating more of the available 
resources on areas with suppression/eradication activities. 

Overall, there was no real trapping network in the first quarter of 2015, and from 
5 April 2015 to 14 January 2017, 4174 adults (3938 males and 236 females) were 
caught in 594 traps out of a total of 14 589 traps deployed country-wide. Adult 
detections were higher during the second and third quarter of the year, both in 2015 
and 2016 (Fig. 6). 
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Figure 5. Numbers of installed traps (solid bars) and servicing levels of these traps (line) in 
the eastern region, including La Altagracia Province, during the 2015-2017 eradication 
campaign. 


450 "Adults — -Larvae 


Adults 


14 18 22 26 30 34 38 42 46 50 2 6 10 14 18 22 26 30 34 38 42 46 50 2 6 10 14 18 22 26 30 34 38 42 
Weeks (2015-2017) 


Figure 6. Numbers of detected wild adult flies (black bars) and larvae (line) of Ceratitis 
capitata per week during the 2015-2017 eradication campaign in the eastern region of the 
Dominican Republic. 


528 J. L. ZAVALA-LÓPEZ ET AL. 


The trapping network also provided valuable information on the spatial 
distribution of the pest, clearly showing that the population was concentrated on the 
eastern part of the country, mainly within the La Altagracia Province, with the highest 
numbers present in Punta Cana where the epicentre of the outbreak was located (Fig. 
7). A second, incipient outbreak was also found in the Province of La Romana. 


Figure 7. Locations where all Mediterranean fruit flies were captured in the Dominican 
Republic between 2015 and 2017 in the Provinces of La Altagracia, La Romana, El Seibo, 
Pedro de Macoris, and Hato Mayor. Colours represent the absolute numbers of wild fly 
detections per location (green dot= 1-2 flies; yellow= 3-5 flies; orange = 10 to 25 flies; red = 
7150 flies). 


2.2.2. Detection - Fruit Sampling 

As was done for the trapping, fruit sampling was adjusted during this phase to mainly 
target or direct sampling to the confirmed hosts. The general fruit sampling data 
indicated 95 infested samples of tropical almond Terminalia catappa L. and 19 
infested samples of yellow caya Sideroxylon foetidissimum Jacq., locally known as 
*yellow caya" which therefore were the major C. capitata hosts, though larvae were 
also found in three samples of another wild host Simarouba berteroana Krug & Urb, 
locally known as "aceitunas — olives" or *black caya", with 3 infested samples. Based 
on this information, fruit sampling efforts in the infested area were mainly targeted to 
these three host species to increase the probability of detection. 


INVASIVE MEDFLY ERADICATION IN THE DOMINICAN REPUBLIC 529 


Overall, 1189 larvae were detected in 10 589 fruit samples with a total mass of 
34 789 kg of fruits. Consistent with the trapping results, the majority of larvae were 
detected during the second and third quarter of the year, both in 2015 and 2016 (Fig. 
8). This figure shows that the peak infestation occurred during week 21 of the year 
2015 with an average of 7.4 larvae per sample, although the highest number of larvae 
was obtained in week 41 of 2016 in a large localized infestation in the Bavaro area. 
The last larva was detected in week 46 of 2016. 
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Figure 8. Numbers of fruit samples collected (black bars) and Mediterranean fruit fly larvae 
detected (brown line) during 2015-2017. 


2.2.3. Mechanical/Cultural Control 

Mechanical/cultural control consisted of the collection and disposal of C. capitata 
host fruit (on the ground and in the tree), as well as the elimination or severe pruning 
of host trees, mainly tropical almond, yellow caya and black caya, in the infested 
areas. A total of 1200 tons of fruit were collected and destroyed, mainly from tropical 
almond and yellow caya (Fig. 9). 


2.2.4. Bait Spray Application 

Bait sprays were mainly applied by ground to an area of one square kilometre 
surrounding hot spots (where repeated detections were made) in 2016 and 2017, 
although limited aerial bait spraying was also carried out in hot spot areas in 2015 
(Fig. 10). 

In addition, three scenarios for the aerial application of bait spray were proposed 
in preparation for the first quarter of 2016 in case of an increase in detections during 
the March-May period: 

a) application of the bait spray on 32 241 ha, which covered all accumulated 
outbreaks, 

b) only on 4342 ha, which covered active outbreaks, and 

c) only on 1883 ha, which covered outbreaks from the last 4 weeks. 
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Due to reasons beyond the control of the programme, such as inadequate supply of 
GF-120, arrival of a large tourist population for Easter, and the socio-political 
situation in the area, it was not possible to carry out the aerial bait sprays as planned 
to expedite the eradication process. 
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Figure 9. Mechanical /cultural control activities consisting of the destruction of host fruit and 
the pruning or elimination of wild hosts in the infested area. 


Figure 10. Aerial and ground insecticide-bait spray activities and placement of bait stations. 
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2.2.5. Bait Stations 

Bait stations were used as part of the AW-IPM approach to support the ground sprays 
within the one square kilometre core area of the delimitation trapping area and to cover 
some locations outside of the core area (Piñero et al. 2014). They were used as a 
complement when the infested area could not be sprayed, where there was a lack of 
host trees to be treated, in the surrounding areas in cases of dense vegetation that was 
difficult to penetrate, and also when ground sprays were ineffective because of the 
heavy rains. 

In total 28 176 stations baited with Ceratrap, 21 133 stations baited with GF-120, 
and 1513 prototype bait stations developed in Guatemala were installed in areas 
neighbouring outbreaks (Fig. 10). They were also used as a preventive measure in 
areas where larvae had been detected in fruit. 


2.2.6. Quarantine and Exclusion Activities 

A network of quarantine road stations was placed strategically on the main highways 
and exit points from the La Altagracia Province to prevent the movement of the pest 
through infested fruit to Mediterranean fruit fly-free areas (Fig. 11). 

Apart from the internal quarantine stations, inspection at international points of 
entry was upgraded due to the large number of tourists (ca. 5 million per year) visiting 
the country. X-ray machines were installed at seaports and airports, with particular 
attention to the Punta Cana and La Romana airports. Careful supervision of exclusion 
activities at these points of entry continues to be crucial to prevent new fruit fly 
incursions into the country in consignments or in passenger luggage. 


2.2.7. Sterile Insect Technique 

Sterile male fly releases began in October 2015 after the Mediterranean fruit fly 
infestation was delimited and the populations in hot spots suppressed. For the first six 
months, the flies were emerged in paper bags and released by ground, beginning with 
1 million pupae per week, increasing gradually to 15 million per week. Aerial release 
of sterile flies was initiated in March 2016, using the chilled adult release system 
following an area-wide approach in release blocks (FAO/IAEA 2017b). An existing 
Ministry of Agriculture building in Higuey (one-hour drive to the airport) was adapted 
to host the fly emergence and release facility. A cold room was installed adjacent in 
the facility and an average of 72 million good quality sterile male flies were emerged, 
chilled, packed and released each week (average of 82.1% of emergence, 91.7% flight 
ability and 87.3 absolute fliers). 

The sterile flies were distributed by air over eight release blocks or polygons, 
covering a total of 42 000 ha in the provinces of La Altagracia and La Romana 
(Barclay et al. 2016; FAO/IAEA/USDA 2019). The total number of sterile males 
released throughout the campaign was 4062 million. USDA chilled release machines 
(single-box) were loaned to the programme from the APHIS Aircraft and Equipment 
Operations facility in Edinburg, Texas. Each machine was installed in a Beechcraft 
King Air 90 and loaded with a single 1 m tall release box with a maximum capacity 
of 14 million sterile medflies per flight. 
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Figure 11. Distribution of road quarantine stations in the eastern part of Dominican Republic 
during the Mediterranean fruit fly eradication phase. 


The distribution of the recaptured sterile flies (% traps with at least one capture) 
averaged 60%, which is below the recommended level of 85%. Release blocks located 
along the coastline were affected by strong dominant winds from the east, likely 
causing sterile fly drift (Fig. 12). Therefore, 15 million additional sterile male flies 
were released weekly by ground, on average, along the coast of Bávaro, Punta Cana 
and La Romana to achieve effective sterile to wild fly ratios in the main outbreak 
areas. Blocks showing low sterile fly distribution were further reinforced through 
ground releases specifically focussed on detection and outbreak sites. 
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Figure 12. Blocks of aerial and ground release of sterile flies and example of average sterile 
fly recapture in a week (red dot= 0-1 sterile fly; orange= 2-5; yellow= 6-10 sterile flies; light 
green= 11-25 sterile flies; green= >26 sterile flies). 


The last fertile adult Mediterranean fruit fly was detected the second week of 
January 2017 after less than two years of beginning intensive control measures against 
the pest (Programa Moscamed-RD 2017). In May 2017, sterile releases were 
suspended once three fly generations had passed since the last wild fly catch, which 
was equivalent to at least 12 weeks or ca. 3 fly generations of zero catches after the 
last detection. 


2.3. Post-Eradication Phase 


Following another risk mapping analysis at the end of 2016, a further re-arrangement 
of the trapping network was carried out. The total number of traps in service was 
reduced to a total country-wide of 4630 in early 2017, of which 2835 were deployed 
in the eastern region and 1795 in the rest of the country (Fig. 5 and Table 2). In 
addition, Phase IV traps were replaced by Multilure and McPhail traps baited with 
torula yeast in view of their better performance under the conditions of the Dominican 
Republic. 
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In addition, verification trapping was conducted during the post-eradication phase 
after sterile male releases were terminated. Verification trapping implies that traps 
were placed at a higher density (5/km?) in areas where infestations had previously 
been confirmed. More sensitive traps such as C&C (Cook & Cunningham) and yellow 
panel traps (Programa Regional Moscamed 2012) were included in the verification 
trapping (FAO/IAEA 2018). This was implemented in May-June 2017 as a final 
confirmation to support official declaration of eradication in July 2017, and then 
continued through October 2017 at the request of USDA-APHIS. 


Table 2. Number of traps deployed in the relevant provinces in 2017 after the risk analysis 


Rest of 
Traps La LA Romana El Hato San Pedro Domi- Total 
(Attractant) | Altagracia M Seibo Mayor  |de Macorís nican 9 
Republic 
Jackson 
(Trimedlure) 734 204 75 56 123 1730 2922 
Mc Phail 
(Torula yeast) 656 0 0 0 0 65 721 
C&C 0 22 0 0 0 0 22 
Yellow Panel 0 11 0 0 0 0 11 
Multilure 489 201 79 7 113 0 954 
(Ceratrap) 
Total 1879 438 154 128 236 175 4630 


As a result of the successful implementation of the programme, the export ban for 
horticultural products in most western and central areas of the country was lifted in 
early 2016, only 9 months after intensive surveillance and suppression activities were 
begun. USDA-APHIS lifted the export ban for 23 provinces in January 7, 2016 and 
later for another 2 provinces in August 10, 2016. 

The benefits of the programme in confining the invading pest to the eastern part 
of the country, which allowed opening some export markets, and then achieving 
eradication in early 2017 were immediate, with exports nearly recovering to pre- 
outbreak levels in 2016, and even significantly increasing in 2017 (Fig. 13). 

Now that Mediterranean fruit fly has been eradicated, a reliable surveillance 
network is being maintained to detect future C. capitata and other fruit fly populations 
early, and trained personnel and supplies are in place to provide a rapid response to 
any future detection or outbreak. 

International quarantines and trapping at ports of entry, suitable host areas, tourist 
sites, markets and those locations where pest presence was recurrent during the 
outbreak are also being strengthened to protect the Mediterranean fruit fly -free status 
and prevent further introductions. 
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Figure 13. Exports of horticultural products from the Dominican Republic to the USA 
between 2011 and 2017, including the export ban in March 2015 because of the 
Mediterranean fruit fly invasion. 


3. CONCLUSIONS 


The last adult Mediterranean fruit fly was detected in the Dominican Republic in the 
second week of January 2017. Eradication of the pest from the Dominican Republic 
using an IPM approach including area-wide SIT application was confirmed in April 
2017 after a period of at least three full life cycles with zero captures. Nevertheless, 
the official declaration of eradication took place in July 2017 after six generations of 
zero catches and an additional verification trapping network established in high risk 
areas, including previous detection sites. These additional detection efforts confirmed 
the absence of the pest. 

Most importantly, the country has strengthened its quarantine procedures and 
developed the capacity for early detection and emergency response for invasive fruit 
fly pest incursions, as well as for area-wide application of the SIT. This valuable 
experience can now be shared with Haiti and other countries throughout the Caribbean 
region to strengthen their quarantine and surveillance systems for invasive fruit flies 
and other pests, and to prevent similar situations, which can result in serious economic 
and social losses for the whole region. 

The Dominican Republic is now on the list of countries that have successfully 
eradicated the Mediterranean fruit fly, along with Chile, Mexico, and the USA, and 
others that have established Mediterranean fruit fly-free areas including Argentina, 
Australia, Guatemala and Peru on the American continent. 
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In view ofthe experience, the Dominican Republic has established a National Fruit 
Fly Programme with an assigned annual budget to maintain the gained expertise, 
manage native Anastrepha fruit flies, and maintain the surveillance and response 
capacities for invasive fruit flies and other pests. 
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SUMMARY 


After the first detection in 2005 of the Red Palm Weevil (RPW), Rhynchophorus ferrugineus, in the Canary 
Islands, the Government of the archipelago established and implemented the RPW regional eradication 
programme. The area-wide application of different control measures in a coordinated and integrated way 
for 10 years has resulted in the eradication of this invasive pest in the archipelago. The last pest focus, 
located on the Island of Fuerteventura, was declared eradicated in May 2016. In this paper, the different 
control measures that were applied, as well as the way they were executed, are discussed. Special attention 
is given to the factors considered key to success. It is concluded that, with the knowledge and techniques 
available, the eradication of RPW is possible under favourable political and financial circumstances. The 
biggest threats to the success of this programme originated in human factors, rather than in intrinsic 
characters of the insect or the techniques used. 


Key Words: Rhynchophorus ferrugineus, Phoenix spp., date palms, eradication programme, Gran Canaria, 
Fuerteventura, Tenerife, geographic information system, Spain 


1. INTRODUCTION 


The Canary Islands date palm, Phoenix canariensis hort. ex Chabaud is endemic to 
the Canary Islands, where it can be found naturally in valleys and ravines and as an 
ornamental tree in public and private gardens and parks. It is one of the most 
emblematic elements of biodiversity in the Canary Islands landscape. 

In the first decade of the 21“ century, real estate boomed in the Canary Islands and 
this led to a drastic increase in the import of adult palm trees, especially the date palm, 
Phoenix dactylifera L. This is how the red palm weevil (Rhynchophorus ferrugineus 
Olivier) (RPW) entered the Canary Islands, posing a serious threat to the conservation 
of P. canariensis. 
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The RPW was first detected on the Island of Fuerteventura in September 2005 
(Martín et al. 2013). This introduction most likely originated from the import of date 
palms from Egypt for ornamental purposes. Subsequently, inspections begun in the 
areas where P. dactylifera imports had taken place in the previous 6 years. In this way 
11 new infested areas were found, 7 in Gran Canaria and 4 in Fuerteventura. Inside 
these 11 areas different phytosanitary measures were implemented, including 
surveillance (palm tree inspection and maintenance of a RPW trapping network) and 
removal and destruction of infested palm trees. However, the programme as outlined 
below was more than a sum of these activities. 

The RPW regional eradication programme was initiated in September 2006. It was 
implemented by the Canary Islands Government public company 'Gestión del Medio 
Rural de Canarias’, and co-funded by the Spanish Ministry of Agriculture. 


2. THE PROGRAMME 
2.1. Centralised Coordination and Organigramme 


Especially in projects that involve separate and different geographic areas (e.g. 
different islands), each one with their responsible administration, there is always a 
tendency of projects to be implemented in a different way according to local ideas. 
Therefore, a centralised coordination unit, as well as a programme structure that was 
transparent, proved to be vital to reach the objectives of the project. 

The organogram of the programme is shown in Fig. 1. The entire team consisted 
up to 35 people and each team on each of the three affected islands with RPW 
infestations (Gran Canaria, Fuerteventura and Tenerife, where the only RPW focus 
was detected in 2007) was headed by an island team leader. Efficient programme 
management proved to be the most difficult challenge and that was already obvious 
during the initial phases of the implementation of the project. Different aspects of 
project management and implementation resulted more challenging than the 
technical-scientific knowledge of the pest. These included establishing an efficient 
team, keeping track of the project objectives, efficient communication, effective 
coordination between institutions, and strict adherence to established protocols. 


2.2. Legislative Measures 


Since the detection of the RPW in Europe, all Governments, including the Canary 
Islands Government and the Island Councils, made legislative efforts, within the scope 
of their responsibilities, to arm themselves with legal instruments to control RPW. 
During de development of the eradication programme, the basic framework for the 
adopted measures was derived from: 

APA/94/2006, 26 January, amending the Order of 12 March 1987 to prohibit the 
importation of plants of palm species (Palmae) of more than 5 cm of base diameter 
into the Autonomous Community of the Canary Islands (BOE No. 24 of 1/28/2006) 
(APA 2006). 

Commission Decision 2007/365/EC of 25 May 2007 adopting emergency 
measures to prevent the introduction into and the spread within the European 
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Community of Rhynchophorus ferrugineus (Olivier) and its subsequent amendments. 
(OJ L139 / 24 of 31/05/2007) (OJ L266 / 14 of 07/10/2008) (17/08/2010 DOCE L) 
(European Commission 2007). 

Decree of 29 October 2007 declaring the existence of pests produced by the 
harmful agents Rhynchophorus ferrugineus (Olivier) and Diocalandra frumenti 
(Fabricius) and establishing the phytosanitary measures for their control and 
eradication (Boletín Oficial de Canarias no. 222, dated 6.11.2007) from the Council 
of Agriculture, Livestock, Fisheries and Food ofthe Canary Government (BOC 2007). 
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Figure 1. Red Palm Weevil Programme’s organigramme. 


The measures included in the regulations, at all levels, can be divided into two 
major groups (Gobierno de Canarias 2019a): 

1. Measures that aimed at reducing man-assisted insect dispersal, including the 
prohibition of import of plants for planting, quarantine measures and regulations for 
the movement of plant material, and imposing related obligatory measures for 
nurseries and farmers, and 

2. Measures that aimed at reducing the establishment of the pest and its natural 
spread after detection in a certain area. 
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The measures of the first group include the control of movement of plants for 
planting, promotion of stakeholder awareness, and stimulation of increased 
cooperation between institutions. Although these measures were the most difficult to 
enforce, they were crucial for the success of the programme. To ensure compliance 
with these regulatory measures, it was necessary to include staff with legal experience 
on phytosanitary regulations in the multidisciplinary teams of the eradication 
programme. 

The global economic crisis resulting from the great recession of 2008, which 
affected Spain particularly hard, proved indirectly to be a bonus that made the 
implementation of the RPW quarantine and eradication measures easier. In the pre- 
crisis period, the Spanish economy was increasingly biased towards the construction 
sector because of a credit and real estate bubble (Jimeno and Santos 2014). The 
bursting of this bubble drastically reduced the number of requested permits for the 
construction of new real estate in Spain from close to a million per year before the 
crisis to less than 200 000 per year following the crisis. As a result, the demand for 
importing, transplanting and moving of palms from nurseries to new real estate sites 
was significantly reduced (Fig. 2). 


Figure 2. Tons of imported palm trees into Spain (source: Jose Maria Cobos, Spanish 
Ministry of Agriculture). 
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2.3. Awareness Campaigns 


To involve as many people as possible in the eradication campaign, several 
information and awareness campaigns accompanied the programme to provide 
training and information to all stakeholders and citizens. These stakeholders included 
engineers, technicians and staff of the different public administrations, as well as 
gardeners in hotels, gardening companies, plant nurseries and the general public. The 
main goal was to achieve optimal support from the public in reporting and alerting the 
programme management board immediately when observing a palm tree with 
suspicious symptoms. This reporting system of the general public was crucial to 
implement quick follow-up actions. The following communication tools were used: 
e A specific web page (Gobierno de Canarias 2019b) 

TV advertising campaigns 

Information on DVDs 

Conferences and special workshops held on each one of the islands 

Brochures. 

One of the crucial factors in this communication campaign was complete 
transparency, and to openly disclose all available information. In this way, all 
stakeholders became “co-owners” of the programme and felt confident and involved. 


2.4. Specific Training 


The Order of October 2007 stipulated that anybody working on palm trees should be 
accredited as “Specialist on labour on palm trees". The objective of this accreditation 
was to ensure that any person or company carrying out any type of work on palm trees 
was conversant with all methods and protocols described in the legislation and had 
received the necessary training to ensure proper palm tree management. To achieve 
this goal, several courses were organized to train-the-trainers, who obtained thereafter 
the necessary accreditation. The programme encouraged all official administrations 
and relevant academic institutions to include courses on palm tree management in 
their curricula. The RPW programme edited and produced the "Manual of good 
practices in palm trees", which was used as textbook in these courses. 


2.5. Movement of Plant Material 


Import or movement of infested plants for planting is the main route of introduction 
and spread of the pest over long distances. Therefore, the programme deemed it 
crucial to restrict and control the movement of plants. In addition, to manage the 
movement of palm trees from nurseries, the programme required all nurseries to be 
registered. Nurseries were inspected periodically with emphasis on: 

e The registration of the entry and exit of palm trees 

e Visual inspections of possible RPW damage and symptoms 

e Application of the mandatory chemical treatments. 
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A “Phytosanitary Accreditation" was created, consisting of a 6-month valid 
movement authorization for palms susceptible to RPW, except P. canariensis, P. 
dactylifera and Washingtonia spp., for which authorizations were requested for every 
single movement. It was mandatory to have an authorization of the Canary Islands 
Plant Protection Organization to perform transplantations of Phoenix spp. and 
Washingtonia spp. These could only be carried out by accredited companies. All 
requests for transplantation of palm trees located within a range of 5 km from infested 
plants were denied. 


2.6. Integrated Pest Management Programme 


The following activities were included in the integrated pest management programme: 
visual inspection of trees, chemical treatments, destruction of RPW-infested palms, 
monitoring/mass-trapping of RPW, and cultural measures such as pruning, which was 
only authorized for public safety reasons and should include the application of an oil 
painting or pruning mastic on the pruning scars. All of these are common measures 
implemented in control programmes world-wide (Abraham et al. 1998; Faleiro 2006; 
Dembilio and Jaques 2015). 


2.6.1. Delimitation 
Upon detection of a RPW infestation in a palm tree, or a group of palm trees, a new 
pest focus was declared, which was defined by two main areas: 

Intensive surveillance area: The area with a 1 km radius from the outermost 
affected palm trees in the focus. All palm trees within this area were registered into 
batch, and only palms trees that were positively diagnosed with RPW were registered 
individually. 

Guided surveillance area: The area within a 3 km radius from the border of the 
intensive surveillance area. 


2.6.2. Inspection of Palm Trees 

After testing all possible tree inspection methods available, intensive visual inspection 
was found to be the most effective detection method. The method consisted of a 
thorough observation of the stipe and all the bases of the crown's fronds. This type of 
inspection was performed by specialized personnel. 


2.6.2.1. Inspection Inside Intensive Surveillance Area. In addition to regular 
inspections (about 3 inspection/palm/year) of all palm trees within the intensive 
surveillance area, visual inspections were carried out around each trap where RPW 
adults were caught, as well as around newly detected infested palm trees. 


2.6.2.2. "Guided Inspections". Specialised technicians, responsible for the guided 
surveillance, carried out the visual inspections within the guided surveillance areas. 
These inspections allowed marking the location of affected palm trees outside the 
intensive surveillance areas that prevented the dispersal of the pest from infested 
areas. 
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2.6.2.3. Alert System. The programme established an alert system in which any citizen 
could report observations of palm trees with apparent symptoms of the RPW. Through 
this system, five new RPW outbreaks were detected very early, which made it very 
easy to bring these outbreaks under control. The success of the alert system measure 
was facilitated by the public outreach and awareness campaigns (see above in point 
2.3.). 


2.6.3. Removal of Infested Palm Trees 
All palm trees suspected of being infested with RPW were removed. In most cases, 
the removal took place within 24 hours after detection. In those cases where this was 
not possible, palms were treated and enmeshed until removal. 

The removal process followed a strict disposal protocol to avoid dispersal of adult 
weevils during the process. The tree stump was guarded and inspected for several days 
after the removal and a trap was deployed next to it for at least a week. 


2.6.4. Chemical Treatments 

Chemical treatments aimed to control the immature stages of RPW found in the most 
superficial part of the palms. Insecticides such as chlorpyrifos 48%, imidacloprid 20% 
and thiamethoxam 25% were sprayed on the tree at very low pressure, using about 15 
litres of the mixture per palm. 

Throughout the programme, chemical treatments were routinely applied (about 2 
treatments/year) to all palm trees inside the intensive surveillance area, but also to 
palm trees around each newly detected affected palm, as well as around traps when 
adult specimens were caught. 


2.6.5. Trapping Networks 

Food and pheromone baited traps were deployed to maintain a trapping network 
following different strategies and objectives: 

e Mass-trapping 

e Adult weevil attraction to the centre of each pest foci 

e Population monitoring 

e Detection of new pest foci. 

The traps were baited with 700 mg of R. ferrugineus attractant (4-methyl-5 
nonanol 90% and 4-methyl-5-nonanon 10%, both purity>95%) and either ethyl 
acetate (kairomone) or fresh palm tissue. They were checked for weevils and serviced 
once a week. At an average temperature of 28°C the attractant is released at a rate of 
11mg/day making the trap effective for a period of 6 to 8 weeks (product label 
information). The self-made four window (4 cm diameter) 10 litre bucket traps with 
no opening on the lid were placed at more than 15 meters from any palm tree, and if 
possible, were buried half in the ground. At the onset of the programme, white traps 
were used, but starting in 2011 these were painted black (Avalos and Soto 2010). 
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Different strategies were followed to manage the trapping networks. As 
recommended by Oehlschlager (1994), the programme started using a grid of 1 trap/ha 
in pest foci and surrounding guided surveillance areas. This was later replaced by 
‘dynamic micro-networks of traps’, where traps were deployed at a density of 4 
traps/ha in the polygons of the affected palm trees. Following this approach, no traps 
were deployed in areas around pest foci and their surrounding guided surveillance 
areas, where the presence of the pest was not proven. The objective was not to attract 
the weevils away from affected areas by placing traps into areas where they had not 
yet been observed. These networks were ‘dynamic’ and continuously adjusted and 
adapted in size based on (a) new detections of affected palms, (b) increased catches 
in certain areas, (c) the absence of newly infested palm trees, and (d) the absence of 
weevil catches. On islands with known RPW foci, traps were also placed around the 
areas where the infested palm trees had been disposed of. 

In islands that had remained free of RPW, traps were placed in areas where 
imported date palm trees had been planted in the last 5 years, e.g. golf courses, hotels, 
newly constructed real estate projects, nurseries, etc. Using this approach, the 2007 
outbreak in the Island of Tenerife was detected early. 


2.7. Contingency Planning 


As soon as a new focus was detected, a contingency plan was developed and 
implemented. The purpose of this contingency plan was to determine the origin of the 
outbreak, as well as to determine the location and to remove all infested palm trees. 
All human resources of the programme were dedicated to the new focus until the 
situation was brought under control. 


3. A TOOL: GEOGRAPHIC INFORMATION SYSTEM (GIS) 


A geographic information system (GIS) is a system designed to capture, store, 
manipulate, analyse, manage, and present spatial or geographic data (Foote and Lynch 
1995). The eradication programme included a programming team (ITs), responsible 
for the development of the used GIS applications. 

The GIS was the main tool supporting the decision-making process for three of the 
main activities of the programme (Fig. 1), i.e. the IPM programme, the control of 
movement of all plant material, and contingency plans. 

The GIS was considered an essential tool for the planning and effective 
coordination of the eradication pest programme that allowed: 

e Data and spatial analysis for optimal decision-making 

e Efficient planning and use of resources 

e Assessment of the programme (results, achievement of objectives) and workers 
from readily available quality information 

e Improvement of the programme's internal and external communications. 

The GIS consisted of four important elements: mobile applications, a database, a web 

application and a web viewer. 
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3.1. Database 


The main objective ofthe database was to store and centralise all relevant information: 

e Elements of the programme, e.g. pest foci, groups of palm trees, individual palm 
trees, traps, nurseries 

e Activities of the programme, e.g. removal of infested palm trees, inspections, 
chemical treatments 

e Results of the programme, e.g. trap catches, inspection data etc. 

e Resources of the programme, e.g. workers, type of chemical products, type of 
traps, pheromones. 

All this information was conveniently organized and related. All other software 
applications developed interacted with the database, either to introduce new values 
(e.g. field-collected data with the mobile application) or for the processing of 
information (web viewer, web application) to generate reports, customized maps, etc. 


3.2. Mobile Application 


An application for mobile devices was developed to facilitate data collection in the 
field. It was designed to avoid mistakes when entering data resulting in great 
efficiency, accuracy and high data quality. 

Usually, at the end of each week, each island team leader summarized the collected 
data using the internet. These data were stored on a web server and automatically 
imported into the central database of the project. 


3.3. Web Application 


A web application was developed to use the database in a more friendly and efficient 
way. This application allowed: 

e Data entry 

Data editing 

Performing queries 

Generation of tables 

Generating graphics and reports. 


3.4. Web Viewer 


The web viewer allowed observing and analysing all the spatial information collected 

by the field teams. As a result, it was possible to show on a map: 

e Stored data, such as lots, affected palm trees, traps, farmers and nurseries 

e Customized queries, e.g. palm trees removed by date ranges, palm lots in a range 
of 100 meter around a trap with catches, traps categorised by the number of 
catches or by a date range 

e New layers, e.g. areas occupied by infested palm trees and traps. 
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4. MANAGEMENT OF HUMAN RESOURCES 


The eradication programme as described above offered a framework to reach the 
eradication objectives. Nevertheless, for the correct implementation of all measures, 
it was essential to have an efficient management team. Probably the biggest challenge 
of any programme direction is to establish and manage this team. 

The team was composed of members whose attitude towards work and internal 
training was considered exemplary. Efficiency in the programme was maintained as 
each team member was aware of the relevance of his/her role in the implementation 
of the programme and its ultimate success. This entailed that the objectives and 
procedures of each task had to be clearly defined. 

To achieve the programme's objectives, great attention was given to continuous 
training, improved motivation of the group members and to always create and 
maintain a positive team spirit. At all times it was emphasised that the group members 
were the protagonists of the obtained results. A team member could always make 
suggestions and the proposals were always evaluated and sometimes incorporated into 
the procedures. 


5. RESULTS 


On three islands (Gran Canaria, Fuerteventura and Tenerife), sixteen RPW foci were 
detected and eradicated (Fig. 3). More than 70 000 palm trees were registered, 
706 081 visual inspections were made, and 209 547 chemical treatments were carried 
out. A total of 681 RPW adults were caught in traps (Fig. 4) and 660 palm trees 
removed. In May 2016, 11 years after the pest was first detected, and after three years 
without finding affected palm trees or catching RPW in traps, the Canary Islands 
were declared free of the pest. 
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Figure 3. Affected palm trees between 2006 and 2013 on the islands of Gran Canaria and 
Fuerteventura, as well as total numbers for the Canaries. 
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Figure 4. Red Palm Weevil adult catches in traps between 2006 and 2013 in Tenerife, Gran 
Canaria, and Fuerteventura, as well as total numbers for the Canaries. 


The Canary Islands example shows that the presently available knowledge and 
control tactics can successfully eradicate the RPW. The main issue is not the lack of 
technical know-how, but the establishment of an efficient organization and its 
management to reach the objectives. The Canary Islands are now facing a new 
challenge and that is to maintain the motivation and support to prevent and detect 
early any new introduction of the RPW. 

Taking into account the results and positive experience gained in the eradication 
programme of RPW in the Canary Islands, the minimum requirements for a successful 
eradication programme are as follows: 

e Applying a programme in areas of recent introduction or where the RPW has been 
kept under control 

e Identifying areas isolated from affected areas by a buffer zone with no susceptible 
palms or that are at least 10 km away from the nearest RPW focus, where no 
programme activities have to be applied 

e Including adequate legislative measures and their enforcement aiming to avoid 
new introductions and the movement of plant material 

e Correct design and integrated implementation of all programme's activities and 
components 

e Adequate budget available according to the number of pest foci and other 
requirements 

e Centralised coordination (e.g. communication, decision-making) of area-wide 
programme activities 

e. Adequate human resources available and their management (e.g. training, 

attitude, motivation, constancy procedures) 
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e Effective use of GIS in support of data management and decision-making 
Public education and engagement, and involvement of all stakeholders 
Cooperation and coordination with public (Provinces, Autonomous Communities 
and affected Municipalities) and private entities (e.g. nurseries, gardening 
companies, hotels, farmers). 
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SUMMARY 


The European strain of the gypsy moth, Lymantria dispar L. (Lepidoptera: Erebidae) was accidentally 
introduced to North America over 100 years ago and despite its explosive population growth there, the 
species still only occupies less than 1/3 of its potential range. While this slow rate of spread can be attributed 
in part to the limited dispersal capacities of this strain, its constrained distribution mainly reflects the 
success of efforts to limit range expansion of this species. Currently, two major area-wide programmes are 
operated to limit the spread ofthe gypsy moth in the USA, in addition to a third programme that suppresses 
gypsy moth outbreaks in the infested areas. The detection / eradication programme is led by the United 
States Department of Agriculture - Animal and Plant Health Inspection Service (USDA-APHIS) in 
cooperation with state governments and utilizes networks of pheromone traps to detect newly invaded 
populations of the gypsy moth in the uninfested portions of the USA. Over the last decades, hundreds of 
isolated populations have been detected and eradicated. Most eradication treatments in the USA are 
conducted using aerial sprays of Bacillus thuringiensis. The USDA Forest Service also operates another 
area-wide programme entitled “Slow the Spread" (STS) in cooperation with state agencies that operates at 
the edge of the generally infested area and aims to slow the gypsy moth's spread. This programme also 
uses grids of pheromone traps to locate isolated populations, which are then treated. The STS programme 
has adopted several major innovations that make it one of the most advanced area-wide programmes for 
managing invading species. Among these innovations, the STS programme adopts a complex geographic 
information system (GIS)-based decision algorithm for processing trap data, identifying treatment areas 
and evaluating programme efficacy. Also, the STS programme is unique in that it largely has adopted 
mating disruption to eradicate or suppress isolated populations ahead of the invading front. 


Key Words: Lepidoptera: Erebidae, eradication, barrier zone, biological invasion, decision support 
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1. INTRODUCTION 


While many invasive species are rare in their native ranges, this is not the case for the 
gypsy moth Lymantria dispar L. (Lepidoptera: Erebidae). Across much of its native 
range, which spans most of temperate Asia, Europe and North Africa, this species 
episodically reaches outbreak levels, causing massive defoliation of host trees (Giese 
and Schneider 1979; Johnson et al. 2005). Similarly, across much of the region that 
the gypsy moth has invaded in North America it has caused considerable damage, i.e. 
>15 million ha have been defoliated in the USA during the last 30 years alone 
(USDA/USFS 2017). Forest defoliation caused by the gypsy moth can have severe 
impacts that include effects on aesthetics, particularly in forested residential areas, as 
well as triggering tree mortality and growth loss, ultimately leading to shifts in 
regional forest composition (Morin and Liebhold 2016). 

The history of gypsy moth invasion in North America began in 1868-1869 when 
Étienne Léopold Trouvelot accidentally released the insect in the backyard of his 
house in Medford, Massachusetts (Liebhold et al. 1989; McManus 2007). At the time, 
Trouvelot was a commercial artist but had an amateur interest in entomology and was 
rearing a large assortment of insects in his garden. Though Trouvelot notified local 
authorities about the escaped insects, no action was taken until about 1880 when the 
first outbreak started in his neighbourhood, alarming residents. At that time, the state 
of Massachusetts embarked on a large eradication campaign, but the effort was 
abandoned in 1900 as a result of the lack of effective surveillance and control tools. 
Nevertheless, this programme was apparently the first attempted insect eradication in 
the world. Even though the gypsy moth has been in North America for almost 150 
years, it still only occupies less than 1/3 of its potential range (Fig. 1) (Morin et al. 
2004). One of the causes of this exceptionally slow invasion spread is that in the 
European strain of the gypsy moth, from which populations were introduced, females 
are incapable of flight and most spread is driven by accidental movement of life stages 
by humans (Liebhold et al. 1992). The other reason why spread has been so slow is 
that efforts to limit its spread have been successful. Even though the initial eradication 
campaign in Massachusetts was a failure, there have been numerous government-led 
barrier zones and other programmes aimed to contain this insect; these efforts have 
evolved over the last century, but the programmes currently in place represent state- 
of-the-art area-wide management and serve as excellent models for potential 
application to other insect invasions. 

Currently there are three different large programmes that target gypsy moth 
populations in the USA and these programmes vary both in their objectives and in 
their geographic scope (Fig. 1). First, United States Department of Agriculture 
(USDA) Forest Service, Forest Health Protection works with various state agencies 
to manage the Gypsy Moth Cooperative Suppression Programme. This programme 
operates within the gypsy moth generally infested area to suppress outbreak 
populations of the gypsy moth; because decisions about treatments are made 
individually on a stand-by-stand basis, this cannot be considered a true area-wide 
management programme. 

The second programme, the gypsy moth detection/eradication programme is led 
by USDA Animal and Plant Health Inspection Service (APHIS) Plant Protection and 
Quarantine (PPQ) works with state agencies and aims to exclude gypsy moth invasion 
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in regions of the USA where the gypsy moth is not currently established. The third 
programme, the gypsy moth “Slow the Spread" (STS) programme is carried out by 
the USDA Forest Service in cooperation with state agencies and operates in the 
transition area between the infested and uninfested portions of the USA. The objective 
of this programme is to slow the gypsy moth’s spread into the uninfested region. Both, 
the detection/eradication and the STS programmes are examples of area-wide 
management. These programmes represent the culmination of an evolution of 
technology and strategy and thus serve as model programmes for other area-wide 
efforts. Here we describe both programmes, including both strategic and 
methodological details. 


e Generally infested area (suppression) \ 
(E) Transition area (STS) AI 
Uninfested area (detection / eradication) i 


Figure 1. Map showing the spatial extent of invading gypsy moth populations (2017) in the 
USA and locations of generally infested area, the transition area (STS — "Slow the Spread" 
programme) and the uninfested area. 


2. DETECTION / ERADICATION 


Gypsy moth egg masses are often laid in cryptic locations and this behaviour leads to 
egg masses becoming associated with objects, such as cars, lawn furniture and 
firewood, that are transported during household moves. In the USA, intra-continental 
household moves are common, and this unfortunately results in gypsy moth egg 
masses being transported from outbreak areas in the generally infested area into 
uninfested states. If no action were taken, many of these translocated egg masses 
would found new populations that would grow and potentially damage forests in these 
regions. Fortunately, newly founded populations can be efficiently detected using 
pheromone-baited traps. Female gypsy moths produce a sex attractant, (+) cis-7,8- 
epoxy-2-methyloctadecane (*disparlure"), that was identified in the early 1970's 
(Bierl et al. 1970) and can be synthesized relatively inexpensively. 
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The general strategy of the detection/eradication programme is to detect and 
eradicate newly founded populations (Fig. 2). The strategy consists of the following 
steps: (1) regularly deploy an extensive network of traps to detect newly founded 
populations (Year 1); (2) deploy a dense grid of traps where moths were detected to 
confirm the persistence of the population and delimit its spatial extent (Year 2); (3) 
suppress the population below an extinction threshold (Year 3), and (4) deploy a dense 
grid of traps to confirm eradication or identify areas requiring additional treatment. 


delimitation 
base grid grid treatment confirmation 
Year 1 Year 2 Year 3 


O0 moths/trap 620 moths/trap [) treatment 


Figure 2. General strategy used in gypsy moth detection/eradication programmes. 


Current protocols vary slightly among states, but in most states detection trapping 
for gypsy moth is conducted once a year in view that this pest has only one generation 
per year (USDA/APHIS/PPQ 2019). The density of trap deployment varies among 
land uses with different predicted risks of introduction. For example, affluent 
residential areas are considered to be high risk and traps are deployed at densities of 
~0.4 trap/km? every other year, but unpopulated forests are considered low risk and 
traps are deployed at 0.1 trap/km? in such areas once every 4 years. 

The vast majority of traps in base detection trapping capture no males, while 
capture of one or more males usually triggers delimitation trapping in the next phase 
(Year 2). This trapping serves both the purpose of delimiting the spatial extent of the 
invading population but also confirms the persistence of populations. In most cases, 
capture of one or more males in one year does not result in captures at the same 
location in the next year; low density populations are prone to extinction due to Allee 
effects or stochastic dynamics (Liebhold and Bascompte 2003). 

The standard trap density in delimitation surveys is ~6 traps/km?; delimitation 
traps are deployed in the area surrounding positive trap capture locations, extending 
to the nearest negative trap capture locations from the previous generation 
(USDA/APHIS/PPQ 2019). In addition to delimitation trapping, most states will 
visually examine a ~1000 m? vicinity around positive trap captures, searching for egg 
masses or other life stages. These searches serve two purposes: 1) the presence of 
immature life stages confirms the existence of a reproducing population, and 
2) discovery of immature life stages usually is indicative of the “core” population that 
then becomes highest priority for treatment. 
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Once a population has been detected, found to persist and is delimited, then it is 
ready for treatment (Year 3). Because low-density gypsy moth populations are 
strongly affected by Allee effects (mostly arising from mate-location failure [Tobin 
et al. 2009]), treatments need not kill 100% of individuals; eradication can be achieved 
by reducing populations below an Allee threshold and residual populations can be 
anticipated to decline toward extinction (Liebhold and Bascompte 2003). Most gypsy 
moth eradication treatments use aerial sprays of Bacillus thuringiensis kurstaki (Btk). 
Usually at least 2 applications are made in a single year in order to maximize 
mortality; additional applications are made when there is uncertainty about the timing 
of susceptible early instars. In very small populations, ground treatments of Btk may 
be substituted for aerial treatment. Most treatments are applied over relatively small 
areas (1.e. « 100 ha) in urban areas so the non-target impacts (e.g. mortality of native 
Lepidoptera) are minimal. Mating disruption treatments are also quite effective 
against low-density gypsy moth populations (Thorpe et al. 2006), but they are 
infrequently used for eradication because mating disruption treatments shut-down trap 
captures that are used to confirm eradication success. Both types of treatments tend to 
be effective at eliminating populations in a single year. 

Starting in the year of treatment, a grid of traps is deployed to detect residual 
populations post-treatment. This grid is comparable in density to delimitation grids 
and can be used to identify areas requiring additional treatments. Small populations 
are usually successfully eradicated by treatments in a single year, but in large 
populations it is not unusual to treat additional areas in subsequent years. Eradication 
success is generally declared after two or more years of no captures (Years 4-5). 

With increasing trade between Asian countries and North America over the last 
decades, there has been an increasing flow of gypsy moth egg masses accidentally 
transported on ships, containers, bulk steel and cars imported from Asia. Unlike 
European populations, females from most Asian gypsy moth (AGM) populations are 
capable of at least some flight (Keena et al. 2008) and females are sometimes attracted 
in large numbers to brightly-illuminated seaports. Increased flight capabilities in 
AGM strains is a primary reason why invasions by such populations are anticipated 
to be more difficult to eradicate and contain. Given this risk, additional traps are 
deployed in areas adjacent to maritime terminals (both Pacific and Atlantic) and other 
high-risk locations. All trapped males (including those from the AGM high risk areas 
and ordinary detection survey traps) are returned to the USDA/APHIS/PPQ 
Laboratory in Buzzards Bay, Massachusetts where they are subjected to molecular 
analysis to determine their most likely origin. 

Two genetic markers are used to assess the genotype of gypsy moth specimens: 
the nuclear marker FS1 (Garner and Slavicek 1996) and a mitochondrial marker 
(Bogdanowicz et al. 1993). Female flight is a trait that is considered to make a 
population more difficult to contain or eradicate. Consequently, policies for 
responding to AGM captures are more aggressive in that instead of waiting a year to 
delimit populations following initial capture (Fig. 2), eradication treatments are 
generally applied in the same year, directly following initial detection. 

Similar practices for detection and eradication of both Asian and European strains 
of the gypsy moth are implemented in Canada. 
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3. SLOW THE SPREAD (STS) 


As is the case with the spread of many other invading species, gypsy moth range 
expansion is not a continuous process. Instead, isolated populations sporadically 
develop ahead of the advancing population front. These isolated populations 
continuously expand and eventually coalesce with each other and the continuously 
infested population front (Sharov and Liebhold 1998). This pattern arises from a 
phenomenon, "stratified diffusion", in which dispersal is comprised of two different 
types of movement. In the case of the gypsy moth, spatially continuous short-range 
dispersal results from wind-borne movement of first instars and long-range stochastic 
dispersal occurs when humans accidentally move egg masses, larvae or pupae (e.g. 
movement of infested firewood). 

In designing the STS programme, it was considered impractical to completely 
stop gypsy moth spread, but instead the objective shifted to slowing the rate of spread 
by detecting and suppressing new isolated populations ahead of the advancing front. 
This is accomplished by deploying a grid of pheromone traps along the transition 
area in order to detect isolated populations (Fig. 1). These populations are 
subsequently delimited and treated, much like the strategy used in the 
detection/eradication programme in the uninfested area (Fig. 2). However, unlike 
eradication programmes, the objective of treatments is not necessarily extinction of 
the isolated population, but instead the programme aims to suppress its growth. 
Population models demonstrate that suppressing these isolated populations ahead of 
the population front can have a substantial impact on reducing spread even though 
relatively small areas are treated (Sharov and Liebhold 1998). 

The STS programme was initiated as a pilot programme in the states of North 
Carolina, Virginia, West Virginia and Michigan in 1992 and in 2000 was expanded 
to the entire population front running from the Atlantic Ocean to the Canadian border 
(Fig. 1) (favourable gypsy moth host type stops just north of the Canadian border 
with Minnesota). 

The majority of the funding (USD 8 - 10 million / year) for STS comes from the 
USDA Forest Service, which grants most funds to the STS Foundation, which in turn 
grants funds to individual state governments to carry out trapping and treatments 
(Leonard 2007). The STS Foundation is a non-profit organization managed by a 
representative from each of the 11 states participating in STS. Structuring 
management of the programme around the Foundation increases partner state 
ownership of and accountability for the programme, promotes programme 
management based on biological rather than jurisdictional boundaries and facilitates 
uniform implementation of protocols, and decision-making. 

Expenditure of these funds was justified by a benefit-cost analysis, which 
demonstrated that the economic benefit of postponing the initiation of gypsy moth 
impacts and management (e.g. the USDA Forest Service Gypsy Moth Cooperative 
Suppression Programme described above) expenses vastly exceeds the cost of the 
STS programme (Leuschner et al. 1996). Roughly half the STS budget is spent on 
trapping and half on treatments. 

Trapping is conducted in a ca. 100 km band (coincident with the transition area 
shown in Fig. 1) termed the “action area", in which traps are deployed in a rectangular 
grid with 2-3 km spacing between traps (Roberts and Ziegler 2007). In a 70 km band 
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located just inside the generally infested area and adjacent to the action area, trapping 
also takes place in an "evaluation area" in which traps are deployed in a grid with 5- 
8 km between traps; trapping data from the evaluation area play a crucial role in 
measuring reduction in spread rates as well as in locating boundaries for the action 
area. When base trapping in the action area indicates the location of an isolated 
population, a delimitation grid is deployed in the next year; delimitation trapping is 
conducted with traps placed on a grid with 250 to 500 m between traps. Much like 
detection/eradication, a delimitation grid is also deployed following treatment in 
order to evaluate treatment success. 

While most treatments in gypsy moth detection/eradication programmes are 
conducted using Btk, most treatments in STS are conducted using mating disruption 
(Thorpe et al. 2006). This reflects, in part, the objective of minimizing the overall 
environmental impact of the STS programme considering that treatments are applied 
over a relatively large area (Table 1). But also, mating disruption treatments have 
lower overall costs. Historical data indicate that when applied against low-density 
populations in the STS programme, mating disruption treatments are equally as 
effective as Btk applications (Sharov et al. 2002). Occasionally, moderate density 
gypsy moth populations (> ~100 moths / trap) are detected in the STS action area and 
these populations are usually treated with Bfk because of lower efficacy of mating 
disruption in such higher density populations. 


Table I. Traps deployed, populations treated and treatment areas in the gypsy moth 
Detection / Eradication and STS programmes 2010-2016 


Detection and Eradication Slow the Spread (STS) 
Year Traps Popula- Area Traps Popula- Area 
deployed tions treated (ha) deployed tions treated (ha) 
treated treated 

2010 | 102 795 2 525 | 89950 | 231 | 216 125 
2011 | 107 646 3 2340 | 83800 | 221 | 208 750 
2012 | 108 060 2 833 | 53900 | 149 213 414 
2013 | 144 925 1 421 | 47850 | 130 | 164 441 
2014 | 112153 0 755 | 60000 | 138 | 169 425 
2015 | 123938 2 674 | 60000 | 182 | 205 561 
2016 134 151 3 1484 65 000 176 179 084 


The STS programme represents a highly innovative area-wide integrated pest 
management programme in many ways. One of the early innovations of the 
programme was its adoption of GIS technology so that all trap data are geo- 
referenced. But perhaps the most innovative aspect of the programme is its 
implementation of a highly standardized "decision algorithm" that is applied 
throughout the programme (Tobin et al. 2004; Tobin and Sharov 2007). The decision 
algorithm consists of computer code that processes data, mostly in the form of survey 
trap data, to make decisions on action (trapping and treatment) and to generate output 
used by STS managers to evaluate the effectiveness of the programme. The decision 
algorithm was developed, in part, from population models that simulated gypsy moth 
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spread and decision-making to optimally reduce spread (Sharov and Liebhold 1998), 
but the decision algorithm has been continually fine-tuned to increase efficacy and 
reduce costs without losing efficiency. 

The decision algorithm 1s applied every year to process trapping data from the 
field. It performs various quality control analyses in order to flag potential data 
quality problems. The most basic task it performs is the application of several 
different algorithms to locate potential isolated populations from the base trapping 
grid. Once these areas are located, the decision algorithm then highlights areas where 
delimiting trapping should be performed or where treatments are needed. 

The other major feature of the decision algorithm is evaluation of programme 
efficacy. This starts with individual evaluations that are made for each treatment 
block. But the decision algorithm also measures spread rates along the entire action 
area in each year. While STS programme managers are constantly monitoring the 
efficacy of treatments, the ultimate success ofthe programme is based upon reduction 
of invasion spread. During the decades prior to the programme's initiation, gypsy 
moth range expansion averaged ~21 km/year (Liebhold et al. 1992), but since 
national implementation of the STS programme in 2000 spread has averaged about 4 
km/year, which is an 80% reduction and exceeds the programme objective of 50% 
reduction in spread. 

One of the key features of the decision algorithm is the flow of data and 
visualization of decision algorithm output (Fig. 3). 
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Figure 3. Flow of data and information in the STS programme. “SOL” refers to the 
structured query language. 
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Starting in 1996, the programme adopted the use of handheld GPS units by 
trappers to guide trap placement and record trap captures, but as technology advanced 
the GPS units have been replaced by handheld tablets. All of the decision output from 
the decision algorithm is reviewed each year by state and federal STS planners. For 
a variety of reasons, planners may decide to over-ride or modify the decision 
recommended by the decision algorithm. The performance of the programme is 
closely monitored by STS managers and the STS Technical Committee, and this 
information is used to adjust the decision algorithm as needed. 

Finally, all trap and treatment locations, trap counts, and analyses of programme 
performance are freely available for viewing on a web portal (STS 2019). This web 
access makes the programme completely transparent so that any interested members 
of the public or government agencies can view programme activities. 


4. CONCLUSION 


The gypsy moth is one of the most damaging invasive pests in North America and 
consequently substantial effort has historically been expended to contain its spread. 
Over the course of these historical programmes, considerable knowledge has been 
gained both on understanding how this organism spreads, but also about how to 
maximize the efficacy of containment efforts. The fact that gypsy moth currently 
only occupies about 1/3 of its potential range in the USA, despite having become 
established here for nearly 150 years, reflects the success that has been achieved from 
these programmes. 

A large fraction of the success in limiting the gypsy moth's spread in the USA 
can be attributed to certain specific technological developments which include the 
development of an inexpensive yet highly sensitive pheromone trap for this insect, 
the application of GIS technology and the perfection of various treatment 
technologies for eradication or suppression of high- and low-density populations. 

With increasing globalization, the problem of biological invasions continues to 
grow as thousands of species are moved around the globe, often causing catastrophic 
impacts. Given this trend, there is increasing need for effective strategies not only for 
eradication of newly established populations, but also to contain populations when 
eradication is not feasible. Technological developments that have facilitated the 
highly successful area-wide programmes for limiting the spread of the gypsy moth 
serve as models for management of other invading organisms. Many components of 
these programmes can be readily applied in other containment systems and should 
help limit the impacts of invading organisms in the future. 
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SUMMARY 


The spectacular success of the cactus moth, Cactoblastis cactorum (Berg), in controlling invasive Opuntia 
species has been cited often in biological control literature. This insect is highly damaging to plants of the 
Cactaceae family and has been regarded as one of the most successful classical weed biological control 
agents. In Australia, the cactus moth effectively controlled approximately 25 million hectares of non-native 
Opuntia species that had invaded cattle grazing lands. In Mexico, however, the Cactaceae are native, where 
they have their greatest diversity, and have major ecological and socio-economic importance. In the 1950s, 
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the cactus moth was introduced into several Caribbean islands for management of Opuntia spp. on grazing 
lands. The moth arrived accidentally in Florida by 1989, and concerns were raised that this highly mobile 
moth could spread into the south-western USA and reach Mexico. Therefore, a cactus moth surveillance 
programme was established in Mexico in 2002 to detect and prevent the introduction and establishment of 
this invasive pest. Through this detection trapping network, two localized but large outbreaks of C. 
cactorum were detected off the coast of the Peninsula of Yucatán, Mexico; on Isla Mujeres, 10 August 
2006, and Isla Contoy, 4 May 2007, both in the municipality of Isla Mujeres in the state of Quintana Roo. 
An eradication programme was immediately implemented by the National Service for Health, Safety and 
Food Quality (SENASICA) of the Ministry of Agriculture, Livestock, Rural Development, Fisheries and 
Food (SAGARPA) of Mexico, in close collaboration with other national and international organizations. 
An area-wide integrated pest management (AW-IPM) approach was implemented that included regulatory 
actions, outreach activities, surveillance, intensive sanitation and the release of sterile moths. Eradication 
was achieved in 2008 and officially declared in 2009. A surveillance network is currently maintained for 
detecting early pest incursions, allowing for a rapid response to any future incursion of the pest. This 
successful programme has resulted in the protection of the high value commercial Opuntia cacti industry 
in Mexico, as well as native Opuntia species in natural arid and semi-arid ecosystems where they are an 
essential element in maintaining biodiversity and soil conservation. 


Key Words: Opuntia, prickly pear cactus, Cactoblastis cactorum, Sterile Insect Technique, sterile moths, 
biological control, AW-IPM, Yucatán, Quintana Roo 


1. INTRODUCTION 


In general, biological control is the use of one organism to reduce the population 
density of another organism. Biological control has been used by humans for about 
two millennia and has become widely used in pest management programmes since 
the end of the nineteenth century (DeBach 1964; van Lenteren and Godfray 2005). 
Classical biological control involves the introduction of a host-specific, non-native 
natural enemy adapted to a non-native organism that became a pest in its new 
homeland. Classical weed biological control implies the importation of natural 
enemies to control a non-native weed species. 

The South American cactus moth, Cactoblastis cactorum (Berg) (Lepidoptera: 
Pyralidae), is a well-known example demonstrating the great success that can be 
achieved using plant-feeding insects as classical biological control agents of invasive 
plants (Dodd 1940; Pettey 1948, Zimmermann et al. 2004). The removal of highly 
invasive species of prickly pear cacti (Opuntia spp.) from millions of hectares (ha) of 
Australian farmland, rangeland, and natural habitat was a great early success in 
biological control of weeds. The dramatic “before and after" pictures of devastated 
dense cactus vegetation after releasing C. cactorum (Dodd 1940) are familiar 
examples of the stunning impact of successful classical biological weed control 
(DeBach et al. 1976). 

Several programmes resulted in successes similar to the programme in Australia, 
including South Africa and Hawaii (Zimmermann et al. 2000, 2004). However, in 
1956 the decision was made to release C. cactorum on the Caribbean island of Nevis, 
part of the Leeward Islands group of the West Indies, where Opuntia species occurred 
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that were native. Control of Opuntia on Nevis Island was deemed important to help 
manage a complex of native prickly pears dominated by Opuntia triacantha 
(Willdenow) and introduced species that were considered a serious weed pest in over- 
grazed rangeland where they outcompeted grasses and caused injury to livestock and 
animal handlers (Simmonds and Bennett 1966). Three species of natural enemies, 
including C. cactorum, were shipped from South Africa and released on Nevis Island 
in early 1957. C. cactorum was apparently the only natural enemy that became 
established, spreading rapidly and causing the collapse of prickly pear populations on 
the island. This biological control programme was considered “outstandingly 
successful" (Simmonds and Bennett 1966). 

Based upon these successes, C. cactorum was introduced on the islands of 
Montserrat and Antigua in 1960, where it also became established and caused 
substantial reduction of native prickly pear populations (Simmonds and Bennett 
1966). Thereafter, C. cactorum continued spreading, either naturally or with 
intentional or unintentional human involvement, through many regions of the 
Caribbean, including Puerto Rico, the U.S. Virgin Islands, the Dominican Republic, 
the Bahamas, and Cuba, where it attacked native Opuntia spp. (Zimmermann et al. 
2000). 

In 1989, C. cactorum was discovered on native Opuntia spp. in southern Florida, 
USA (Habeck and Bennett 1990; Dickel 1991) and received considerable attention in 
view of its potential negative ecological and economic impact in the southern and 
western USA (Simberloff et al. 1996). How the moth arrived in Florida is unclear. 
The moth may have arrived through natural dispersal by flight, possibly storm-aided, 
since the moth was established in Cuba, only 128 km from the Florida Keys 
(Zimmermann et al. 2000). Perhaps the most compelling explanation for the 
expansion of C. cactorum was proposed by Pemberton (1995), who suggested that the 
moth may have been unintentionally introduced through commerce of ornamental 
cactus. During the 1980s, 300,000 Opuntia plants destined for nursery sales were 
shipped from the Dominican Republic to Miami every year. From 1981-1986, C. 
cactorum was intercepted 13 times at Miami ports, including larvae found in stems of 
Opuntia plants from the Dominican Republic (Pemberton 1995). 

Molecular genetic analysis of C. cactorum specimens from Florida also supports 
the hypothesis that multiple introductions into Florida occurred from a location 
outside the insects’ native range in South America (Simonsen et al. 2008; Marsico et 
al. 2011). 

Thus C. cactorum had become an invasive species with a high biotic potential. 
Although the moth is not a typical long-distance flyer, with a maximum recorded 
dispersal distance of 24 km (S. D. Hight unpublished data), it has a high reproductive 
capacity with egg sticks usually consisting of 70-90 eggs, sometimes up to 120 eggs, 
and a female that produces three or four egg sticks during her lifetime (Zimmermann 
et al. 2004). *4 worm that turned" 1s the title of a popular article that describes the 
threat of the same “miracle” insect when its host plants were no longer considered 
weeds, but native cacti of great economic, ecological and aesthetic value (Stiling 
2000). 
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Over a period of 20 years, this invasive moth has been spreading from southern 
Florida as far north as central coastal South Carolina and as far west as coastal 
Louisiana (Hight et al. 2002; Hight and Carpenter 2009). In 2017, the moth was found 
in southern North Carolina, approximately 160 km from the last known location of C. 
cactorum in South Carolina (Jarred Driscoll, North Carolina Department of 
Agriculture, personal communication). 

In view of this threat, already in 2002, Mexico initiated a surveillance campaign 
for C. cactorum under the National Preventive Campaign against Cactus Moth, with 
the purpose of early detection of any incursion. This surveillance network detected 
two outbreaks of C. cactorum in the state of Quintana Roo, Yucatan Peninsula, i.e. on 
10 August 2006 on Isla Mujeres and on 4 May 2007 on Isla Contoy, both within the 
municipality of Isla Mujeres (Hight and Carpenter 2009) (Fig. 1). 

Also because of concerns of the growing threat to native and cultivated Opuntia 
species with the continued spread of the cactus moth, the USA and Mexico developed 
a Bi-National Cactus Moth Programme in 2006 that was implemented with funding 
from both countries. Operations supported by the Bi-National Cactus Moth 
Programme were initially directed at suppressing populations and containing the 
leading edge of the infestation in the USA along the Gulf Coast of Florida, Alabama, 
and Mississippi (Bloem et al. 2007; Carpenter et al. 2008). When the two outbreaks 
occurred in Quintana Roo in 2006, the Bi-National Programme also supported 
eradication efforts in Mexico. 

In this paper we describe the development of a surveillance and eradication 
programme that was implemented by the Government of Mexico in close 
collaboration with the USA and with other national and international organizations. 


2. THE IMPORTANCE OF OPUNTIA CACTI IN MEXICO 


The genus Opuntia is one of the most widely used plants in Mexico and Central 
America. Due to the high protein and fibre content in the stems, or pads, and the 
amount of water in their tissue (88-91%, Pimienta-Barrios 1990). Opuntia cacti have 
an extremely wide range of uses, from human and animal food to cosmetics and 
adhesives (Barbera 1995). In Mexico, traditional uses of Opuntia vary widely 
although there are two main products that account for the economic importance of 
Opuntia products: food and fodder (Pimienta-Barrios 1990; Barbera 1995). 

Fodder is mainly for cattle and goats in all parts of Mexico, but its use for forage 
has been documented in many other parts of the world including the USA, northern 
and southern Africa, and several South American countries (Felker 1995). In Brazil, 
for example, close to 300 000 ha has been planted with Opuntia cacti to produce 
fodder for livestock (Barbera 1995). Opuntia spp. have been cultivated worldwide 
because of the value of the plants as ornamental and agricultural commodities, and 
their ability to adapt to various climatic conditions, particularly to semi-arid and arid 
areas (Hanselka and Paschal 1989). 
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Opuntia spp., which have been important cultural and agricultural plants in 
Mesoamerica since the pre-Hispanic era (Zimmermann and Pérez-Sandi-Cuen 2006), 
annually generate over 300 000 tons of fruit and vegetables in Mexico, and are 
cultivated on more than 70 000 ha (Pimienta-Barrios 1990; Flores-Valdez et al. 1995; 
Soberón et al. 2001). As food, Opuntia can be consumed as a vegetable (by dicing 
young pads — “nopalitos”) or as a fruit (tuna or cactus pear). The fruits are produced 
in 15 out of 32 Mexican states employing close to 20 000 people, whereas vegetables 
are produced in 14 states and employ close to 8 000 people. In addition, most rural 
people consume prickly pear from local wild Opuntia populations and family-owned 
plantations maintained at various sizes. The average income generated by Opuntia 
products over the period 1990-1998 is approximately 50 million USD per year, with 
vegetable usage constituting more than half of the value (USD 27 million), followed 
by cactus pears (USD 20 million), and finally fodder (USD 1 million). In addition, the 
export market of Opuntia products is valued at USD 50 million per year. Exports are 
mainly to the U.S., Canada, Europe, and Japan (Soberón et al. 2001). If C. cactorum 
were to establish in Mexico, ca. 30 000 producers of cactus fruit and vegetable would 
be affected, as well as the nopal processing industries. 

Mexico is recognized as the origin of the genus Opuntia (Esparza et al. 2004) and 
has the highest number of cultivated species and varieties of prickly pear in the world 
(19 cultivated types in total) (Flores-Valdez and Gallegos 1993). Mexico also has one 
of the highest diversity of species of the genus Opuntia (in addition to Cactaceae 
biodiversity of ca. 560 species) that cover an area of close to 3 000 000 ha (1.596 of 
Mexican territory). The actual number of Opuntia species varies in the literature, 
partially because of frequent hybridization between species and the lack of a 
standardized taxonomic classification. Bravo-Hollis (1978) recognized 104 species of 
Opuntia in Mexico, 56 of which are in the subgenus Platyopuntia (prickly pears), 38 
of which are endemic. From an ecological point of view, loss of acreage covered by 
Opuntia species would accelerate soil loss in arid and semi-arid areas, and the loss of 
ecological niches to a variety of organisms (Ojeda 2004). 


3. FIRST DETECTION IN MEXICO 


The two C. cactorum outbreak sites (Isla Mujeres and Isla Contoy) were located in 
the state of Quintana Roo, one of the 32 states of Mexico. This state is part of the 
Yucatán Peninsula in the south-eastern part of the country, bordering to the north with 
the state of Yucatán and the Gulf of Mexico, to the east with the Caribbean Sea, to the 
south with Belize, and to the west with the state of Campeche. Its capital is Chetumal 
and its most populous city is Cancün. 

First outbreak site: Isla Mujeres is a small island located in the Caribbean Sea, 13 
km off the coast of the Yucatán Peninsula (Fig. 1). The island is 7 km long and on 
average 1 km wide (for a total of 455 ha), and it is part of one of the eleven 
municipalities in the state of Quintana Roo. The municipality of Isla Mujeres, which 
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includes a part of continental territory, is located 13 km from the city of Cancün, the 
main tourist attraction in the region. Isla Mujeres has a permanent settlement of 
approximately 16 000 inhabitants whose primary livelihood is to support the tourist 
industry. The island is accessed from Cancun by vehicle and passenger ferryboats. 
Delimiting trapping revealed that the size of the outbreak area was 45 ha infested with 
moth populations following the spatial distribution of its Opuntia hosts scattered over 
much of the island but concentrated on the southern end. 


Tulum 


MAR CARIBE 


Source: National Geographic 


Figure 1. Location of Isla Mujeres and Isla Contoy near Cancun, Quintana Roo, in the 
Caribbean Sea, where populations of Cactoblastis cactorum were detected, but were later 
eradicated. 


Second outbreak site: Isla Contoy (Fig. 1) is an even smaller island, also belonging 
to the municipality of Isla Mujeres and located 30 km north of Isla Mujeres. The island 
is 8.75 km long, and on average 0.5 km wide, and has a surface area of 317 ha. In 
1961, the Mexican government declared the island a protected area and a bird 
sanctuary, and in 1998, it was declared a national park. The island is known as "The 
Island of the Birds" due to the large numbers of frigate birds and other oceanic avian 
species that use Isla Contoy as a nesting location. 
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To the south ofthe island is the Ixlaché reefthat is part of the second largest barrier 
reef in the world. The National Park Service maintains a small visitor's centre and 
housing for visiting researchers on the island. Access by tourists to the island 1s 
controlled and monitored by the National Park Service. Delimiting trapping revealed 
that the size of the outbreak area was 3 ha with the moth population somewhat limited 
to dense stands of Opuntia host plants in the central part of the island. 


4. FORMATION OF OPERATIONAL PROGRAMME 


A number of national and international institutions and organizations joined efforts in 
the fight against these cactus moth outbreaks. These included: The Food and 
Agriculture Organization of the United Nations (FAO), the International Atomic 
Energy Agency (IAEA), the United States Department of Agriculture (USDA), the 
North American Plant Protection Organization (NAPPO), and the Mexican 
Government through the Ministry of Agriculture, Livestock, Rural Development, 
Fisheries and Food (SAGARPA), the National Service for Health, Safety and Food 
Quality (SENASICA) and the National Forestry Commission (CONAFOR). 
Technical and economic support was provided to research and development (R&D) 
and to the implementation of an area-wide eradication programme. 


5. RESEARCH AND DEVELOPMENT 


The necessary tools for implementation of the eradication programme were developed 
through effective research and development. These included: determination of the 
moth’s mating behaviours (Hight et al. 2003), design and evaluation of trapping 
systems (Bloem et al. 2005a), pheromone identification and synthesis (Heath et al. 
2006; Cibrián-Tovar 2009; Cibrián-Tovar et al. 2017), population ecology studies 
including dispersal (Hight et al. 2002; Bloem et al. 2005a; Sarvary et al. 2008), studies 
on biology of the pest (McLean et al. 2006), implementation of trials to assess 
susceptibility to insecticides (Bloem et al. 2005b), development of an artificial diet 
and mass-rearing tools (Marti and Carpenter 2008; Carpenter and Hight 2012), 
assessment of the feasibility of biological control (Paraiso et al. 2012) and the Sterile 
Insect Technique (SIT) (Carpenter et al. 2001; Hight et al. 2005), and assessment of 
the potential economic, social, and environmental impacts of C. cactorum both in the 
USA and in Mexico (Zimmermann et al. 2004; Simonson et al. 2005; Sánchez et al. 
2007). 

One of the essential tools that was developed and validated was the trapping 
system based on a standard (unpainted) wing trap (Bloem et al. 2005a), placed at a 
height of 2.0 m above ground, and baited with a rubber septum impregnated with a 
synthetic female sex pheromone (Heath et al. 2006). Support from the Joint 
FAO/IAEA Division was essential for transferring the tools for implementing an AW- 
IPM approach integrating the SIT (Dyck et al. 2021). 
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6. PROGRAMME OPERATIONS 


The Mexican Government provided the necessary financial resources for programme 
operations aimed at eradicating the outbreaks on Islas Mujeres and Contoy. The 
financial resources to support programme implementation are summarized in Table 1. 
It is important to point out that when the pest was first detected in Mexico, resources 
were immediately allocated through the declaration of a National Emergency, which 
is an instrument of Mexican legislation that allows for timely response to this type of 
phytosanitary emergency. 

To raise awareness of the potential impact of the presence of the cactus moth, the 
following sectors were alerted and informed: Political and administrative government 
offices and divisions, academic research and technical institutions, industry 
stakeholders, commercial agricultural enterprises, natural area managers, growers, 
farmers and ranchers, non-government agencies, amusement parks, hotels in tourist 
areas, and the public in general. It was also essential to carry out the necessary 
feasibility assessments and to support the preparation of public outreach materials 
such as booklets, videos, and calendars. 


Table 1. Total financial resources (USD) made available from 2006 through 2010 for the 
implementation of cactus moth eradication programme activities by the Mexican Government 
through the National Service for Health, Safety and Food Quality (SENASICA) and the 
National Forestry Commission (CONAFOR) 


Year Contribution from Contribution from Total 
SENASICA CONAFOR 
| |... 2006 192 926 181818 374 744 
| | 2007 1 090 909 0 1 090 909 
| 2008 772 727 34 386 807 114 
| | . 2009 318 182 0 318 182 
| 2010 240 000 0 240 000 
Total 2 614 744 216 205 2 830 949 


The cactus moth eradication programme in Mexico followed a similar AW-IPM 
approach and operational tactics as had been used to suppress and contain the pest in 
the USA along the Gulf of Mexico. These included: regulatory actions, raising public 
awareness, extensive surveys, sanitation of infested host plants through mechanical 
removal as well as removal of egg sticks, and finally the release of sterile moths 
produced at the USDA insectary in Tifton, Georgia and shipped to Mexico (Table 2). 
These actions eradicated C. cactorum populations in Mexico (Bloem et al. 2007; 
Hernández et al. 2007; Carpenter et al. 2008; NAPPO 2009; Hight and Carpenter 
2016). 
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Table 2. Actions implemented to eradicate the cactus moth from Isla Mujeres and Isla Contoy 


Actions/Activities 


Surveillance 
Trap deployment and weekly trap checks 
Identification of adult captures with differentiation 
between wild and sterile adults 
Identification of sentinel sites and weekly checking of 
sentinel plants for egg-sticks oviposited by wild females 
Review of permanent observation points 
Identification of suspect detections in cultivated and wild 
areas 

Pest Control 


Host plant removal (Opuntia dillenii Ker Gawl, Nopalea 
cochenillifera (L.) Mill.) 
Eggstick removal 


Application of insecticides 
Application of herbicides 
Sterile moth releases 
Host census 
Exchange programme with homeowners of ornamental 
Opuntia plants or voluntary surrender by the inhabitants 
Regulation of host mobilization 
Prohibition of the move-ment of Opuntia plants or their 
parts off or within the island 
Review of transport in the sea ports 
Disclosure and training 
Training workshops for staff of programme 
Development and dispersal of informative material 
Radio and television spots to educate the public of the 
programme and dangers of C. cactorum outbreak 
Meetings with municipal presidencies and local 
authorities 
Meetings with schools, hoteliers and managers of natural 
parks 
Supervision and evaluation visits with the following 
groups: 
SAGARPA State Delegation 
Plant Health General Directorate 
Experts from FAO/IAEA 
Experts from USDA 
Technical Group Meetings 
Technical reports 
Data collection 
Weekly reports to the Plant Health General Directorate 


Reports to the local authorities 


Isla Mujeres 


x xxxxx Xx 


x x 


x xXx X XX 


x x x x Xx 


x x Xx 


Isla Contoy 


x x 


x xXx X XX 


x x x x Xx 


x x Xx 


Rest of the 
Quintana 
Roo 


x xXx X XX 


x x x x Xx 


x x Xx 


Yucatán and | Rest of the 


Campeche 


x XxX xx 


x x Xx 


Country 


570 A. BELLO-RIVERA ET AL. 


The SENASICA-SAGARPA national surveillance system allowed early detection 
of pest incursions, followed immediately by the implementation of delimitation and 
eradication actions to eliminate the two outbreaks of this invasive species. This 
prevented further dispersal and introduction of the pest to other uninfested areas. The 
actions that were implemented to eradicate the cactus moth from Isla Mujeres and Isla 
Contoy are summarized in Table 2. 


7. PROGRAMME RESULTS AND ERADICATION 
7.1. Surveillance and Control on Isla Mujeres 


Initially 66 traps were deployed on Isla Mujeres, primarily in and around the infested 
45 ha; this was later expanded to a total of 115 traps. Trapping and host plant sampling 
and removal soon revealed high infestation levels throughout the island with 
thousands of egg sticks and larvae collected and destroyed and adult males trapped 
(Fig. 2). The effect of the rapid and aggressive response from SENASICA personnel 
was visible almost immediately, and the density of the outbreak population of C. 
cactorum was quickly reduced. A total of 4126 egg sticks were collected from plants 
during the eradication effort and 321 adult males were trapped. 


Figure 2. Larvae and egg sticks of Cactoblastis cactorum collected on Isla Mujeres during the 
initial stages of the eradication programme. 
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Once trapping efforts revealed a dispersed infestation over much of the island, 
removal of above-ground host plant material was conducted to suppress additional C. 
cactorum population increase. As part of the mechanical control, 240 tons of potential 
and infested host plants were removed throughout the island. Only 27 sentinel host 
plants remained, which were plants that were easy to access and could be checked 
daily for the presence of egg sticks or damage caused by the larvae. 

Two censuses for Opuntia spp. host plants were carried out in the backyards of 
homes throughout the island in March and June 2008. A total of 3050 sites with 
susceptible host plants were identified in private homes, public offices, hotels, and 
vacant lots. To facilitate the removal of host plants, a protocol was implemented to 
replace each host plant with a non-host ornamental plant, mainly species of palms 
(1140 specimens) and magueys (Agave spp.) (74 specimens). CONAFOR kindly 
provided the replacement plants for this part of the programme. 

The population trend of C. cactorum on Isla Mujeres is indicated by the weekly 
total number of egg sticks collected (Fig. 3) and weekly total number of wild males 
caught (Fig. 4). A drastic reduction in the cactus moth population resulted from the 
intensive mechanical control and adult mass-trapping. This prepared the ground for 
the integration of the SIT on an area-wide basis and assured a competitive sterile to 
wild insect ratio. The targeted initial overflooding ratio was 10 sterile to 1 wild moths 
as identified in trap captures. In preparation for sterile moth releases, extensive quality 
control, flight ability, and dispersion tests had been conducted, and shipping 
techniques evaluated in the USA. 
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Figure 3. Total C. cactorum egg sticks collected from Opuntia spp. plants each week from 
August 2006 to March 2007 on Isla Mujeres. Collections were concentrated in an area of 45 
ha in the southern end of the island’s 455 ha. 
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Figure 4. Total wild C. cactorum male moths caught weekly in pheromone-baited traps from 
October 2006 to March 2007 on Isla Mujeres. Captures were concentrated in an area of 45 
ha in the southern end of the island’s 455 ha. 


The first trial of sterile adult moth releases (n = 1398) was carried out on Isla 
Mujeres on 1 November 2007; it primarily targeted to the area where the last egg 
sticks were collected and the last male C. cactorum were captured. Release time frame 
for packages of shipped sterile moths was within 48 hr; from insect packaging, 
delivery to a USA airport, receipt in Cancün, to release on Isla Contoy. 

Given the fact that the last wild individuals were detected during the second week 
of March 2007 (Fig. 3), it 1s possible that during the time the sterile moths were 
released, eradication may have already been achieved. Nevertheless, application of 
the SIT gave assurance that no remnant of the invasive population of the cactus moth 
remained. 


7.2. Surveillance and Control on Isla Contoy 


After detection of the cactus moth on 4 May 2007, programme activities were 
immediately intensified on Isla Contoy. This however, required the processing of 
access permits, as the island is a protected natural reserve and the cactus vegetation 
could not be mechanically removed as it was on Isla Mujeres. 

A total of 44 traps were deployed and the trap catches indicated that the outbreak 
was limited to the central part of the island. All larvae found (n = 1028) as well as all 
damaged plant parts (n — 122) were removed. Some wild cactus plants exhibited 
damage caused by another cactophagus moth, presumably of the genus Melitara, 
which made it difficult to differentiate the damage from that of the cactus moth. 
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A total of 46 C. cactorum egg sticks were collected on Isla Contoy (Fig. 5) and a 
total of 41 wild male adult cactus moths were caught in the traps (Fig. 6). 

The first trial release of sterile adult moths (n=1281) was carried out on Isla 
Contoy on November 7, 2007. After this release, 18 sterile adults were caught in the 
traps (confirmed in the laboratory), suggesting that the dispersal behaviour and 
competitiveness of the sterile insects was adequate. 
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Figure 5. Total C. cactorum egg sticks collected weekly from Opuntia spp. host plants from 


May 2007 to February 2008 on Isla Contoy. Collections were concentrated in an area of 3 ha 
of the island's 317 ha. 
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Figure 6. Total wild C. cactorum male moths caught weekly in pheromone-baited traps from 
March 2007 to February 2008 on Isla Contoy. Captures were concentrated in an area of 3 ha 
of the island's 317 ha. 


574 A. BELLO-RIVERA ET AL. 


The last wild moth was captured in January 24, 2008. After conducting various 
field release tests, the programme carried out continued weekly releases of sterile 
moths, considering the biological conditions of the pest and the availability of sterile 
insects, from March 1, 2008 until July 2, 2008. For both islands a total of 21 398 
sterile moths were released, of which 7596 were males. 

Weekly releases of sterile moths during 4 consecutive months assured complete 
eradication of possible remnant C. cactorum populations. The sterile moths, reared 
and sterilized at the USDA-Agricultural Research Service (ARS) laboratory in Tifton, 
Georgia, were packaged in Petri dishes and shipped by commercial air cargo in 
insulated cardboard wrapped Styrofoam shipping boxes (KoolTempTM GTS-89 
Shipping System, Cold Chain Technologies, Holliston, Massachusetts). Hight and 
Carpenter (2016) provide additional packaging details. Refrigerant Kool Guard II 
cooling bricks were included in the containers to maintain a targeted temperature 
around the sterile insects of 14°C. 


7.3. Additional Programme Activities 


Between January 6 and February 3, 2007, 6 wild adult cactus moths were caught in 
traps deployed in the continental area of Cancün, on the Quintana Roo mainland. In 
response, activities were immediately intensified on the mainland adjacent to Isla 
Mujeres and Isla Contoy. Three thousand additional traps were deployed and 
distributed among houses, hotels and shops in the coastal area covering a total area of 
22.2 km?. Wild host plants were examined in the vicinity of Nichupte Lagoon for 
possible detection of egg sticks or larvae. No further positive moth captures were 
reported after February 3, 2007, and no egg sticks were found on mainland Quintana 
Roo. 

In the state of Quintana Roo, a trapping network was maintained with a total of 
262 traps and 729 Permanent Observation Points (POPs) with Opuntia host plants 
present. In the neighbouring state of Yucatán (from El Cuyo to Celestum), 130 traps 
were deployed and 122 POPs were monitored; and in Campeche state (Rio Verde, 
Real de Salinas and Jaina) 79 traps were deployed and 50 POPs monitored. Traps and 
POPs were checked weekly and fortnightly, respectively. 

Training and raising awareness activities where implemented in support of the 
programme. They consisted of 3 training courses, 500 radio spots, 700 posters and 
4000 flyers distributed on Isla Contoy, 25 000 flyers and banners in English and 
Spanish, 107 videos in English and Spanish distributed in the area of the Yucatán 
Peninsula, 6 news broadcasts on local television stations and one on national 
television. 

Since the beginning of the eradication programme (August 2006), 6 experts from 
the Mexico-USA Bi-National Cooperative Programme and from the FAO/IAEA Joint 
Division made multiple visits to the programme and provided technical advice. 
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8. PROGRAMME OUTCOME 


In 2009, after a period equivalent to three estimated biological life cycles of the pest 
without any further detection, the two cactus moth outbreaks were considered 
eradicated from the state of Quintana Roo, maintaining Mexico free of this pest. 

The following Official Agreements were published in the Official Gazette of the 

Mexican Federation: 

e On 26 March 2009. “Agreement by which the outbreak of cactus moth 
(Cactoblastis cactorum Berg) was declared eradicated from Isla Mujeres, 
Municipality of Isla Mujeres, State of Quintana Roo” (SAGARPA 2009a). 

e On 12 October 2009. “Agreement by which the outbreak of cactus moth 
(Cactoblastis cactorum Berg) declared eradicated from Isla Contoy, Municipality 
of Isla Mujeres, State of Quintana Roo" (SAGARPA 2009b). 


Based on the above and in accordance with the International Standard for 
Phytosanitary Measures No.8 *Determination of pest status in an area" (FAO 2017), 
the cactus moth was considered eradicated after more than three generations without 
detections, and continued surveillance since then has confirmed its continuous 
absence from Mexico. 

The National Preventive Campaign against Cactus Moth began in 2002 and 
continued until 2009, with eradication actions carried out under the coordination of 
National Plant Protection Directorate. 

In 2010, the Phytosanitary Epidemiological Surveillance Programme was created 
and all surveillance actions against the cactus moth became part of this Programme, 
under the coordination of the National Phytosanitary Reference Centre. Activities 
under this Programme have continued and were expanded throughout the country 
since its creation, for timely detection of any cactus moth incursions. This preventive 
activity is conducted through exploratory actions, sentinel plots and trapping routes 
in the areas where Opuntia is commercially grown for vegetable, forage and prickly 
pear production. 

From 2010-2017, the federal investment in surveillance activities amounts to more 
than USD 4.15 million (SAGARPA-SENASICA 2017) (Fig. 7). 

To date there are 84 105 field observations/records on the genus Opuntia entered 
into the National Plant Protection Directorate database (SIRVEF 2018). These 
observations are distributed as follows: 2841 observations at sentinel plots, 65 103 
observations for trapping routes (trapping with pheromone), and 11 497 observations 
on surveillance routes (sentinel plants where the technicians look for larval damage 
and egg sticks of the cactus moth). The observations/records are established in 842 
sentinel plots, 131 surveillance routes, and a national trapping network of 1660 traps, 
installed in potential strategic risk areas for the establishment of the pest (SAGARPA- 
SENASICA 2016). 
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Figure 7. Yearly assigned budget for Cactoblastis cactorum preventive surveillance 
programme in Mexico from 2010 up to 2017. 


As a result of these actions under the Phytosanitary Epidemiological Surveillance 
Programme, to date, no more specimens of the cactus moth have been detected 
anywhere in the country. 


9. FUTURE PERSPECTIVE AND ONGOING SURVEILLANCE 


It is almost inevitable that this insect will continue advancing along the USA Gulf 
Coast, where active containment activities are no longer ongoing. This could result in 
the pest eventually spreading into Texas and reaching areas adjacent to northeast 
Mexico, thus posing a constant threat of introduction and invasion of Mexican 
territory. 

Pathway risk analysis has shown that the most likely routes of invasion to Mexico 
are from Florida including the Keys, along the Gulf Coast states to Texas, and from 
there to northern Mexico (Simonson et al. 2005). Likewise, Cuba is the closest island 
to the Caribbean coast of Mexico, and arrival of the cactus moth through this route is 
very likely due to its proximity with the Yucatán Peninsula, a region with large and 
wide-spread populations of Opuntia cacti (Sánchez et al. 2007). 

Due to this permanent pest risk, it is essential to continue the preventive activities 
through the Phytosanitary Epidemiological Surveillance Programme. Emphasis 
should be placed on states that are more exposed to cactus moth entries and where 
Opuntia cacti are a valuable commodity. 
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10. CONCLUSIONS 


The cactus moth programme in Mexico is an example of the successful eradication of 
outbreaks of an invasive pest species integrating the SIT (Hendrichs et al. 2021). The 
AW-IPM approach was able to combine technical, social, economic, human and 
political resources to achieve the objective. 

Nevertheless, the threat prevails and the Mexican government, under the ongoing 
preventive Phytosanitary Epidemiological Surveillance Programme, is prepared for 
the early detection and timely response to a new cactus moth incursion. 
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SUMMARY 


In the fall of 2009, the first confirmed North American detection of the European grapevine moth (EGVM) 
Lobesia botrana (Denis & Schiffermüller) occurred in Napa County, California, USA. Based on its status 
as a significant grape pest in other parts of the world, the establishment of EGVM in California presented 
significant production and export issues for grapes, as well as for other fresh market agricultural 
commodities. Over the following seven years, an intensive California state-wide survey and area-wide 
eradication campaign was undertaken in partnership with agricultural officials at local, state and federal 
levels, university scientists and the wine, table grape and raisin industries. These efforts resulted in a 
dramatic decline in moth captures in pheromone traps from over 100 000 moths in 2010, to one in 2014, 
and none in 2015. In August of 2016, eradication was declared for all previously infested areas in 
California. The decision to pursue the eradication effort was based on the limited host range and geographic 
area of the EGVM infestation, the availability of effective tools for monitoring and control, and the strong 
support of the affected grape production and export industries. The eradication campaign employed 
coordinated logistical, regulatory, and technical efforts that included: 1) state-wide-monitoring using a 
network of pheromone-baited traps and in field monitoring; these findings were recorded in a geographic 
information system that was used to regularly communicate survey results to programme officials; 2) an 
area-wide application of mating disruption dispensers to infested vineyards, including use in urban 
environments within infested zones; 3) implementation by coordinators of area-wide insecticide treatments 
with application timing determined by degree-day modelling for each infested region; 4) a robust regulatory 
programme that initiated and maintained a quarantine of infested areas that regulated movement of fruit, 
farming equipment and winery processing waste; 5) an extensive outreach programme to grape growers, 
wineries, pest control specialists and the public; 6) formation of a technical working group that provided 
recommendations to the operational programme. An extensive methods development effort supported the 
programme. This included developing enhanced detection methods for vineyards under mating disruption, 
testing efficacy and residual control of insecticides, testing mating disruption formulations, evaluating the 
impacts of winery processing methods on EGVM mortality, developing methods to determine the timing 
of the development of successive EGVM generations (or biofix) under California conditions to improve 
degree-day models, developing EGVM rearing methods, testing the quality of pheromone lures and trap 
monitoring; and a spatial analysis of trapping data to determine programme effectiveness and to analyse 
invasion pathways. 


Key Words: Lepidoptera, pheromone, surveillance, detection, mating disruption, invasive species, grape 
pests, degree-day models 


1. INTRODUCTION 


The European grapevine moth (EGVM), Lobesia botrana (Denis & Schiffermüller), 
is a tortricid moth that has historically been a pest of the Mediterranean regions of 
Europe, North Africa, and Asia. Recently it has been introduced into the Americas 
region with first detections in Chile in 2008, California, USA in 2009 and Argentina 
in 2010 (Ioriatti et al. 2011, 2012; Taret et al., this volume). 

Grapevine flowers and berries are favoured hosts for the EGVM. Other hosts 
include olive flowers, blueberries and plums. Daphne gnidium L., an evergreen shrub 
from the Mediterranean region, is hypothesized to be the ancestral host (Thiéry and 
Moreau 2005). Although reported on these other plants, they appear to be used 
opportunistically only when principal EGVM hosts are in the same environment, 
though there are some areas in Italy where EGVM populations can sustain themselves 
exclusively on D. gnidium in the absence of grapevine (Lucchi and Santini 2011). The 
EGVM has multiple generations a year, starting in the spring from overwintering 
pupae with 3-4 generations observed in the Mediterranean regions and 3 generations 
documented in California, with the 3 generation (and possible a 2™ generation) going 
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into winter diapause as pupae (Ioriatti et al. 2012; Cooper et al. 2014). Successive 
generations target developing stages of grapes, with the first feeding on flower 
clusters, the second on green berries, and the third inside the bunches after veraison, 
the change of colour of the grape berries reflecting the onset of ripening. Webbing 
within the clusters may be apparent, along with excrement and shrivelled berries. 
Feeding on berries causes direct losses and leads to fungal infections that can cause 
extensive rot leading to total loss of clusters (Ioriatti et al. 2012). 

After overwintering, the first generation starts in spring as eggs and are laid singly 
on flowers. Larvae hatch and form a feeding nest by webbing together groups of 
flowers. Larvae from later generations feed on green, ripening, and ripe grapes. Their 
feeding reduces yield and also affects quality of table grapes or wine grapes, with 
damage causing bunch rot and mould. Bunch rot causes bad flavours in wine, making 
heavily infested grapes unusable (Fermaud and Le Menn 1992). 

In the fall of 2009, the first confirmed North American detection of the EGVM 
was made in Napa County, California (Gilligan et al. 2011). Based on EGVM’s status 
as a significant grape pest in other parts of the world, its establishment in California 
presented significant production and export issues for grapes, as well as for other fresh 
market agricultural commodities. In response to this EGVM invasion, an extensive 
California state-wide survey, regulatory programme and area-wide eradication 
campaign was undertaken in partnership among local, state and federal agricultural 
officials, university scientists, and the wine, table grape and raisin industries (Cooper 
el al. 2014). 

Here we describe the emergency response programme and results for the detection, 
regulatory action, initiation of an area-wide programme in 2010 and its coordination, 
communication and outreach, along with the methods development and research that 
was initiated to support the programme that led to successful EGVM eradication 
declared in August 2016. 


2. FIRST DETECTION AND FORMATION OF AN OPERATIONAL 
PROGRAMME 


On October 7, 2009, the United States Department of Agriculture (USDA) confirmed 
the presence of the EGVM in Napa County, California for the first time in North 
America (Gilligan et al. 2011). This area was in the heart of the Napa Valley grape 
production area close to Napa River, and growers reported extensive damage as well 
as near 100% losses caused by direct infestation or spoilage due to cluster rots from 
several vineyards near the site of the first detection (APHIS 2010). Growers had 
already reported problems in this area in 2008, with many clusters of fruit being 
rejected, but the damage was thought to be caused by another tortricid species (APHIS 
2010). Larvae collected from the same region in September 2008 were not identified 
as EGVM at the time, but these were later confirmed also to be EGVM (Gilligan et 
al. 2011). 

While the official recognition did not occur until 2009, given the extensive damage 
in that year, the damage and identification of larvae from 2008, and its widespread 
extent revealed by detection trapping in 2010, it is likely that the first EGVM arrived 
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in Napa County at least a year or more before 2008, building up over time until 
extensive vineyard damage was observed. 

In 2010, state and federal officials began an emergency response programme to 
delimit the extent of the infestation and to establish an agricultural quarantine. An 
extensive pheromone trap monitoring programme was established deploying traps at 
densities between 6 to 39 traps per km? throughout vineyards state-wide. Trapping 
density was dependent on whether trapping occurred within a delimitation area or was 
part of the detection trapping network (CDFA 2013). More than 60 000, traps were 
deployed with >10 000 in Napa and Sonoma counties alone (Fig. 1). 


Traps Deployed for European Grapevine Moth (Lobesia botrana) 
California 2011 
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Figure 1. European grapevine moth (EGVM) trap distribution in California counties at the 
height of the detection effort in the eradication programme (source R. Broadway, USDA- 
APHIS-PPO). 
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Urban regions in the quarantine area or near grape production areas were also 
monitored at the rate of 10 traps per km?, and detection trapping was conducted in 
urban areas outside of quarantine areas at a rate of 2 traps per km? (CDFA 2013; 
Cooper et al. 2014). 

The USDA-Animal and Plant Health Inspection Service (APHIS) - Plant 
Protection and Quarantine (PPQ) established a technical working group (EGVM- 
TWG) to make recommendations in support of the emergency response programme. 
The group was composed of national and international experts in grape pest 
entomology, area-wide control programmes, viticulture practices and Lepidoptera 
biology and control. Their primary role was to provide guidance to the programme on 
the operation of the emergency response and whether eradication of EGVM was 
feasible. 

In 2010, over 100 000 male EGVMs were caught in pheromone traps. While the 
majority of these captures were located in Napa County, there were significant 
populations in adjacent Sonoma County and few smaller isolated populations 
elsewhere, which were attributed to movement of grapes to wineries and, in one case, 
recycled wooden vineyard trellis posts (Lance et al. 2016) (Figs. 2 and 3). 
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Figure 2. A) Yearly total, 2010 to 2016, and B) 2010 monthly total number of European 
grapevine moth (EGVM) males caught (solid lines) and total number of traps with at least 
one EGVM male caught (dashed lines). Y-axes are on a log10 scale. 


In response to these detections, a cooperative eradication programme was initiated 
in 2010 with participation from growers, the wine industry, federal, state, county and 
University of California authorities and scientists (see Cooper et al. 2014; Lance et al. 
2016). 


3. EMERGENCY RESPONSE AND ERADICATION PROGRAMME 


With technical input from the TWG, the EGVM programme initiated a comprehensive 
regulatory and area-wide eradication effort. The programme consisted of: 

1. A state-wide detection network of pheromone traps and vineyard inspections 

2. A centralised system to record and map data 
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3. Regulations for the movement of plant material, farming and winery equipment, 
harvested fruit, winery waste, nursery plants, and harvesting bins from and within 
quarantine areas 

4. Area-wide coordinated treatments of mating disruption and insecticide sprays 

5. A residential grapevine inspection and treatment programme 

6. An extensive outreach and communication effort; and 

7. A programme of research and methods development to support the needs of the 
programme. 


Quarantines for European Grapevine Moth (Lobesia botrana) 
California 2009-2016 
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Figure 3. European grapevine moth (EGVM) detections and quarantine areas established in 
California counties during the eradication programme 2009-2016 (source R. Broadway, 
USDA-APHIS-PPO). 
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4. RESEARCH AND METHODS DEVELOPMENT 


The EGVM-TWG, composed of national and international experts, made 
recommendations to the operational programme on a range of technical issues 
concerning regulatory action, treatments and detection. While technical information 
for programme decision-making was available from TWG expertise or from the 
literature, the TWG also made recommendations on the required research and 
methods development activities needed to support a programme specific to California, 
because EGVM was a new pest in North America 

Methods development became even more important once a goal of eradication had 
been established, as this would be one of the first efforts to eradicate populations of 
this species. A key early decision was to establish a colony of EGVM in the USDA- 
APHIS-PPQ quarantine facility at the APHIS laboratory in Cape Cod, Massachusetts. 
Later a second colony was established in a containment laboratory at the University 
of California at Davis, California. These two colonies supported the important 
research goals by providing material for research on treatment methods and other 
mitigation methods. 

Other research work included developing enhanced detection methods for 
vineyards under mating disruption, testing efficacy and residual control of 
insecticides, testing mating disruption formulations and pheromone lures, evaluating 
EGVM infestation in other host plants besides grape, assessing the impacts of winery 
processing methods on EGVM mortality, validation of degree-day models for 
California conditions, developing EGVM rearing methods, and a spatial analysis of 
trapping data to determine programme effectiveness and to analyse invasion pathways 
(Lucchi et al. 2012; Van Steenwyk et al. 2013; Varela et al. 2013; Cooper et al. 2014; 
Daugherty et al. 2015). 

Since EGVM represented a new invasive pest in California, a critical activity was 
the testing and validation of EGVM degree-day models from Europe for use in 
California (see EGVM models described in CABI 2019). This information was used 
to determine the start of the first spring generation, or biofix, to set the timetable for 
placement of traps, to determine treatment schedules and for decision-making for 
other programme operations requiring an accurate assessment of the EGVM life cycle 
in California. 

Especially since EGVM was not yet widespread, an accurate model was needed to 
conduct programme operations throughout the state. The use of degree-day models 
became increasingly important as the programme progressed and EGVM populations 
were reduced, leaving fewer population cues available to make treatment decisions 
(Varela et al. 2011; Cooper et al. 2014). 


5. DETECTION AND SURVEILANCE PROGRAMME 


Traps were installed across the state in all grape growing areas (Fig. 1). Trapping 
levels varied across the state depending on the infestation levels, availability of host 
plants, as well as programme resources. In the first quarantine areas in Napa, Sonoma 
and Solano counties, traps were deployed in commercial vineyards at a density of 39 
traps per km? and in residential areas at 10 traps per km? within a 5-km radius from a 
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detection (CDFA 2013). Beyond 5 km from a quarantine, traps were deployed at 10 
traps per km? in commercial vineyards and 2 traps per km? in residential areas (CDFA 
2013). 

For all commercial vineyards outside of quarantine areas, traps were deployed at 
10 traps per km? (CDFA 2013). An additional protocol for detection trapping was to 
deploy traps at grape processing facilities in unregulated counties that received grapes 
from quarantine areas. These areas, determined to be “high hazard", were trapped 
within 0.8 km of the facility at 10 traps per km?. There were 22 wineries in nine 
unregulated counties that fit these criteria (CDFA 2013). 

In the first year of the programme, there was some testing of the EGVM 
pheromone blend, loading and emission rates. The resulting data supported the 
programme decision to use the single-component pheromone blend of (Z, E)-7-9- 
dodecadienyl acetate loaded at 1 mg on rubber septa. The septa lures were produced 
by a USDA laboratory the first year and afterward under commercial contract (CDFA 
2013; Cooper et al. 2014). 

Although different delta trap size and styles could be used for EGVM, a red paper 
delta trap was selected because, in part, the state had a large surplus supply of these 
traps available from another programme and because the red colour would limit the 
number of bees trapped as by-catch. These traps have all interior surfaces coated with 
biotac glue. 

Traps were hung at canopy height, approximately one meter above the ground on 
vineyard wires or on vines at the end of rows along major vineyard roadways, 
permitting easy access for trappers. Traps in residential areas were placed on grapes 
if available or on secondary hosts such as Prunus spp. or olive. Vineyard traps were 
put into the field before bud break based on predictions by degree-day models, but in 
practice for northern California, the programme worked to have all traps deployed at 
the start of the growing season—near the end of February or early March. Traps were 
kept in the field until the end of September (CDFA 2013). 

Traps were inspected biweekly and brought into the laboratory for identification 
of moths at local offices and suspected L. botrana finds were submitted to the 
California Department of Food and Agriculture (CDFA) State Diagnostics Laboratory 
for confirmation. Finds in a new area triggered an immediate establishment of a 
quarantine area, initiation of suppression treatments, and a new cycle of delimitation 
trapping in that area. Trap data were recorded with GPS coordinates for purposes of 
visualization with mapping programmes. These maps were provided to programme 
personnel to make operational decisions. 

Included in the programme was a pre-season assessment of contracted lure quality, 

analysis of lure emission rates to determine trap service intervals, ongoing training to 
programme personnel regarding trap placement, and training to identify L. botrana 
and other moths in traps. Dead moths from a laboratory colony were used to seed traps 
in the field for quality checks on training and trap-checking frequency. 
At the peak of the programme in 2011, there were 11 counties with detections for a 
quarantine area totalling 604 763 ha. Within this area, there were 325 000 ha of 
vineyards with > 60 000 traps deployed over all the vineyards in California (Fig. 2). 
Trapping has continued post-eradication at levels similar to those used throughout the 
programme in areas outside of quarantine (APHIS 2016). 
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6. REGULATORY PROGRAMME QUARANTINE AND DELIMITATION 


State and federal quarantine areas were established around every EGVM detection 
consisting of an 8-kilometer radius. The standard of detection to establish a quarantine 
was defined as two moths found within 5 km, or a single larva or egg (CDFA 2013; 
Cooper et al. 2014). With the detection of an additional life stage, delimitation 
trapping would begin with placement of 39 traps per km? in the central 2.6 km? (1 
square mile) and at 10 traps per km? in the 10-km? area surrounding the detection. An 
EGVM detection in the area surrounding the detection would trigger expansion of the 
quarantine to include the new find area (CDFA 2013). 

To allow the movement of fruit from quarantine areas at harvest, requirements 
included checking compliance with previous control treatments, an inspection of fruit 
before harvest, covering truckloads with tarps and restricting the movement and 
processing of fruit to within an existing EGVM quarantine area. To further mitigate 
the risk of moving infested fruit, truckloads of grapes waiting at a winery needed to 
be processed within a specified short time period after arrival. 

Early in the infestation it became clear that there was an association between the 
locations of outbreaks and where wine grapes were processed. Though it was 
unknown if standard grape processing techniques and handling of waste products 
would mitigate the risk of spreading EGVM, the programme implemented controls 
on the movement and processing of grapes for making wine, while concurrently 
evaluating EGVM mortality during wine-making. 

Specifically, a series of experiments were conducted to determine if grape 
crushing, pressing and the fermentation process would kill EGVM larvae or pupae 
(see Varela et al. 2013; Smith et al. 2013; Cooper et al. 2014). This work showed that 
significant numbers of larvae could survive grape processing on harvesting and 
transport equipment, on green wastes from destemming, crushing and pressing, and 
on winery equipment (Smith et al. 2013). 

This work led to requirements for winery-waste and green-waste management and 
treatment by composting at a regulated composting operation, on-site deep burial, or 
other destruction methods such as burning or heat treatment. Alternatively, if the 
grapes, clusters or other green wastes for white wine processing (that were not 
fermented) were pressed at 2.0 bars, the resulting winery waste could be returned to 
the original vineyard. Grapes in must (crushed grapes in juice) and pomace (a waste 
product after fermentation of red varieties) were not regulated as research showed that 
the process of fermentation would kill all EGVM life stages (Smith et al. 2013; 
Cooper et al. 2014). 

Under conditions determined by the TWG, previously quarantined areas became 
eligible for deregulation after several conditions were met including: mating 
disruption used for a full year following the detection; insecticide treatments applied 
for the first and second generations for two years following the year of detection; a 
visual survey conducted in vineyards treated with mating disruption; mating 
disruption not used in the last two generations before deregulation; and trap density 
increased to 39 traps per km? in the years after mating disruption was removed. If no 
EGVM life stages were detected for six full generations after the last capture in the 
area, it could be removed from regulation (Cooper et al. 2014; APHIS 2015, 2016). 
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7. TREATMENTS 


Commercial vineyards, residential plantings of grapes and other hosts were treated 
within 500 m of a EGVM detection. Treatments consisting of timed insecticide 
applications, mating disruption and fruit stripping were made on a coordinated area- 
wide basis. Treatments were continued for two full growing seasons following the 
year of detection (Cooper et al. 2014). University of California extension personnel 
using degree-day and crop stage reporting recommended when treatments should be 
applied. 

The cooperative programme employed grower liaisons to help with outreach, to 
coordinate treatments in each county and to work with growers. These individuals, 
licensed pest control advisers, worked closely with all affected growers and 
operational programme personnel. As this was a voluntary programme, the grower 
liaison's work was crucial to ensure high levels of participation and were a key to 
successful eradication (Cooper et al. 2014). 


7.1. Mating Disruption 


In the California programme, mating disruption played a principal role in the 
management of EGVM in commercial vineyards. Plastic hollow-tube dispensers 
loaded with EGVM pheromone ((£,Z)-7,9-dodecadien-1-yl acetate (ISOMATE 
EGVM"") (Lance et al. 2016) were set out in all grape-bearing areas within a 500 m 
radius of any detection at the rate of 494 dispensers per hectare (Cooper et al. 2014; 
Lance et al. 2016). The goal was to deploy the dispensers before bud break, which 
was predicted by degree-day models. In practice, this occurred in February in the 
Napa County region. 

Treatments with mating disruption were applied for at least two full flights 
following a moth detection. When moths were trapped in an area during the first flight 
of a season, mating disruption treatments were applied at that time. If moths were 
trapped in the second flight, mating disruption applications were made early in the 
following spring. A single pheromone application was sufficient for the season as 
field testing pheromone emission rates determined that these dispensers remained 
viable for the entire season under Napa conditions. 

Atthe peak of ECVM suppression in 2012, mating disruption was used on 9340 ha 

in the core of the infested region of Napa and Sonoma counties (Cooper et al. 2014). 
Mating disruption was also used as a component of the residential treatments, with a 
peak of over 3000 properties treated in 2011 (Cooper et al. 2014). 
Because the same pheromone was used for monitoring, widespread use of mating 
disruption caused monitoring programme traps to be less effective within treated 
areas. This was the primary reason the TWG recommended using mating disruption 
for a relatively short period of time as well as removing it for a period prior to 
deregulation to determine that an area was free of the EGVM. It also highlighted the 
need to test alternative attractants for their potential under conditions of mating 
disruption. 

The use of mating disruption in combination with insecticides was recommended 
because the use of multi-tactic independent control measures in area-wide control 
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programmes can be more effective by increasing the likelihood of Allee effects 
(Yamanaka and Liebhold 2009) and by helping to cover for possible gaps in treatment 
and for control of moths coming from undetected EGVM populations from nearby 
areas (Cardé, this volume; Liebhold et al. 2016). 

The recent eradication of pink bollworm from the south-western USA and 
northern Mexico (Staten and Walters, this volume) is a convincing demonstration of 
this integrated approach and was considered successful using three or more control 
tactics on an area-wide basis (Tabashnik et al. 2010; Evenden 2016; Lance et al. 
2016). 


7.2. Insecticide Treatments 


The programme specified coordinated treatments with insecticides made during the 
first and second generations for at least two complete growing seasons following the 
year of the detection. For the two counties at the heart of the infestation (Napa and 
Sonoma) a grower liaison was contracted to coordinate treatments in commercial 
areas. Degree-day models were used to target eggs and young larvae at the start of the 
first and second generations (Varela et al. 2011; Cooper et al. 2014). In practice, this 
resulted in a three-week treatment window for each flight. By the third generation, 
grape bunch closure can limit the effectiveness of insecticides so treatments to target 
the third generation were not recommended. 

Materials used included conventional foliar insecticides: the growth regulator 
methoxyfenozide, and diamide chlorantraniliprole; other materials used included 
abamectin as well as Bacillus thuringiensis (Bt) and spinosyns for organic production 
vineyards (Daugherty et al. 2015). Treatments applied to commercial areas, while 
voluntary, had participation rates as high as 8096, with a peak of 12 306 ha treated in 
2012 in Napa and Sonoma counties (Cooper el al. 2014). To meet eradication 
programme recommendations these treatments continued for several years during 
periods when there were no significant detections and when growers did not suffer 
any losses or direct impacts of EGVM infestation. The fact that participation rates 
were high during this period, and application costs were paid by individual growers, 
is a testament to the effectiveness of the coordination and the outreach provided to 
growers about programme needs. Personnel of CDFA coordinated and applied 
treatments in residential areas. CDFA officials were supported locally by the offices 
ofthe county Agricultural Commissioners, particularly as related to outreach at public 
meetings and consultation to gain permission from homeowners. These treatments 
also had a high rate of participation. They included application of Bt, fruit stripping 
and some uses of mating disruption (CDFA 20102; Cooper et al. 2014). 


8. OUTREACH AND COMMUNICATION 


There was an extensive programme of outreach to grape growers, industry 
professionals, wineries and grape processing facilities, and the public at large. The 
outreach programme had several objectives. These included providing accurate 
technical information about the pest, helping to encourage participation with the 
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programme and coordination of the area-wide programme treatments, and gaining 
public support for the eradication programme activities. As the EGVM was a new pest 
to California, communicating accurate pest biology and control information to 
growers, pest control advisers and grower liaisons, industry representatives and 
programme officials was a critical need and provided the linkage between the research 
effort and the operation of the eradication campaign (Cooper et al. 2014). 

Information was provided through grower meetings and field days, public 
meetings, an email newsletter, University of California websites, communications 
with the grower liaisons, and university extension personnel, as well as local, state 
and federal government media campaigns using social media, blogs, mailings and 
local advertising (Fig. 4) (CDFA 2010b; Cooper et al. 2014; APHIS 2017; CDFA 
2017; Napa County 2017; University of California 2017). 


If you've got just one vine, you could 
have the EUROPEAN GRAPEVINE MOTH. 


It's already been discovered in Napa. 
Turn this card over to find out how to.... 


KICK [HE MOLE 
NAVIN Till J Ri 


i dck THE MOTH OUT!on Facebook 
or WWW.BUGSPOT.ORG on the Web 


A PROJECT OF THE MAPA COUNTY AGRICULTURAL COMMISSIONER'S OFFICE 
PHOTO: JACK KELLY CLARK, COURTESY UNIVERSITY OF CALIFORNIA STATEWIDE IPM PROGRAM 
The EUROPEAN GRAPEVINE MOTH is a new PRESORT 
pest to Napa County, and we need your help STANDARD 
to ensure this devastating moth doesn't gain “ee 


a foothold here. If you have grapevines, you 
may have EGVM. Here's what you can do... 


Napa, CA 
Permit #103 


1.) STRIP YOUR VINES: Remove all grape 
flowers or fruit clusters from your vines 
with pruning shears, then... 


2.) KICK “EM TO THE CURB: Place the grapes 
in your brown yardwaste container 
and keep the lid closed... 


OR: Treat grapes with an organic 
insecticide, like BT or spinosad, 


For more inforrnation and prevention tips, 
look for KICK THE BUG OUT! on Facebook or 
go to WWW. BUGSPOT. ORG 


Your participation is important... 
we're all in this together. Wino sue = 


one-quarter inch 


Figure 4. The European grapevine moth (EGVM) eradication outreach as a postcard from 
Napa County Agricultural Commissioner 's office (used with permission of Napa County). 
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The outreach campaign was deemed critical to achieve programme success 
(Cooper et al. 2014; Daugherty et al. 2015). Indeed, in comparison to another recent 
unsuccessful eradication campaign, public support and engagement was considered 
essential for programme success (Zalom et al. 2013; Lance et al. 2016). 


9. PROGRAMME RESULTS AND ERADICATION DECLARATION 


The combined efforts of the programme resulted in a dramatic decline in moth 
captures from over 100 000 moths in 2010, to one moth in 2014, and no moth captures 
or larval finds by 2015 (Figs. 2 and 3). Using a step-wise process, the programme 
proceeded with deregulating large contiguous blocks once they met free-from-EGVM 
standards. This was a conservative approach and meant that some areas that had been 
free from EGVM for longer than required by the programme deregulation standards 
were kept under regulated status until larger associated geographic areas met the free- 
from-EGVM standard. With this approach, deregulation would not occur in a 
patchwork fashion (APHIS 2015). 

In August of 2016, eradication was declared from all previously infested areas in 
California (CDFA 2016). At that time, the USA was declared free from this pest. At 
the end of a full 2017 trapping season, there have been no EGVM detections in the 
USA for over three years and all of the previously EGVM infested California grape 
production areas have been free from EGVM between 3-5 years depending on their 
location. 


10. POST ERADICATION PHASE AND ONGOING VIGILANCE. 


While the eradication campaign against EGVM was accomplished in a relatively short 
period, and grape producers in California can be confident that eradication has been 
achieved, the EGVM programme and industry officials drew up plans to conduct a 
post-eradication campaign for a period of at least three years after the eradication 
declaration (APHIS 2016). 

Like other successful USA eradication campaigns (APHIS 2009; Cardé, this 
volume), adding a period of extra vigilance after an area is eradicated is considered a 
sensible safeguard. Early detection of any new EGVM incursions will be smaller and 
far cheaper to contain and eliminate then if the detection is made later at a time when 
the detection network has been reduced and fewer traps are deployed. 

The pathway by which EGVM entered North America is still unknown, and the 
opportunities and conditions regarding international trade and possible entry 
pathways may remain the same (Cooper et al. 2014). The EGVM is a pest on the move 
and has been expanding its range. It is now present in parts of South America and is 
causing significant problems, which means there are additional possible invasion 
sources beyond European and Mediterranean countries (Ioriatti et al. 2012). 

Besides the need to continue a post-eradication phase, there is a need for additional 
research and programme activity to enhance safeguarding of the USA grape industry. 
This work includes development of alternatives to pheromone detection methods that 
work under mating disruption treatment, such as kairomones or alternate pheromone 
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blends. Work is underway to analyse detection data from the area-wide control 
programme using geospatial modelling techniques to evaluate landscape patterns of 
the invasion and to model trap-grid detection efficiency to help design lower-cost, 
long-term future detection strategies, in the post-eradication phase. 

A second need is to conduct an economic analysis on the costs and benefits of 
continued monitoring for EGVM after the post-eradication phase has ended. This 
should include an analysis of possible harm of other potentially damaging economic 
grape pests not yet present in California and other North American grape production 
areas that may use similar pathways used by the EGVM. These include the European 
grape berry moth Eupoecilia ambiguella (Hübner), the grape  tortrix 
Argyrotaenia ljungiana (Thunberg), the grape berry moth Paralobesia viteana 
(Clemens), the honeydew moth Cryptoblabes gnidiella (Milliére), and others. 

Lastly, there should be ongoing outreach to growers, field workers, trappers, and 
pest control advisers so they can continue to recognize the EGVM and for ongoing 
training by personnel involved in EGVM and other grape pest surveys. 
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SUMMARY 


The invasive European grapevine moth Lobesia botrana (Denis & Schiffermüller) was first detected in 
2010 in the Province of Mendoza, Argentina, after it became established in neighbouring Chile in 2008. 
Foreseeing the threat to the major wine and table grape industry of the Province of Mendoza, the Institute 
for Agricultural Sanitation and Quality of Mendoza Province (ISCAMEN), established the “Lobesia 
botrana Control and Eradication Programme" that has been following an area-wide integrated pest 
management (AW-IPM) strategy. The mainstay of this programme is widespread mating disruption against 
the adult moth population with judicious application of selective biological and chemical insecticides 
targeting the immature stages of the first two generations of the pest. We describe the spread of the pest in 
the Province of Mendoza since its introduction in 2010, the control tools currently being used, and the 
results achieved so far in suppressing the pest in the four main oases of Mendoza Province, as well as the 
future prospects for control. Before L. botrana detection, the absence of a major, direct pest of grapes meant 
that limited interventions were required in the management strategies used in the vineyards of the Province 
of Mendoza. Therefore, the challenge was to maintain a high level of natural biological control while 
introducing a pest management programme for L. botrana (i.e. mating disruption and conventional 
insecticides) that would not impact the complex of beneficial insects well established in the region. The 
situation required a great effort involving training, knowledge and technology transfer from public 
organizations to the private sector (growers and industry), and communication with environmental 
organizations. After two intensive control seasons with area-wide suppression of the pest as the main 
objective, population's levels of L. botrana have decreased dramatically. It required a substantial financial 
investment and technical effort to cover vineyards over a total area of 160 000 ha. Decision making for 
suppression activities was supported by the use of mapping software (GIS) to visualize programme results 
every week in terms of moth population levels. Although the support from the industries and growers has 
been instrumental to the success of this area-wide programme, the challenge will be to maintain this support 
to further suppress the pest and, eventually in the future, to eradicate L. botrana from Mendoza Province. 


Key Words: European grapevine moth, Tortricidae, invasive, integrated pest management, mating 
disruption, flowable pheromone, aerial sprays, immature stages, insect growth regulators, Bacillus 
thuringiensis kurstaki, Streptomyces avermitilis, grapes, wine industry 
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1. INTRODUCTION 


The European grapevine moth Lobesia botrana (Denis & Schiffermüller) is a key pest 
of grapes (Vitis vinifera L.), that greatly impacts wine and table grape industries where 
it becomes established (Coscollá Ramón 1981, 1998; Zangheri et al. 1992; 
Armendáriz et al. 2007). It has been introduced to new regions as a result of trade and 
travel and is a serious threat for all the vine-growing areas that are presently 
unaffected (Ioriatti et al. 2012; CABI 2019). In 2010, this invasive moth was first 
detected in the Province of Mendoza, Argentina (SENASA 2015), close to the Chilean 
border. It became first established in Chile in 2008 (González 2008; SAG 2010) and 
spread rapidly to all grape growing regions of that country. 

The favourable agroecological profile of Mendoza Province, and the absence of 
significant grape pests, allowed the development of a major wine and table grape 
industry, largely free of insecticide use. Production only involved occasional 
fungicide applications due to the favourable dry desert climate. Establishment of L. 
botrana would create significant changes to the existing pest management 
programme. Consequently, the Instituto de Sanidad y Calidad Agropecuaria de 
Mendoza (ISCAMEN) established on the 3'* of March 2010 the *Lobesia botrana 
Control and Eradication Programme" to be implemented with the participation of 
producers and government organizations. It proposed an area-wide integrated pest 
management (AW-IPM) strategy based on the integration of mating disruption 
applied by ground and air against the adult moth population, and the application of 
selective biological and chemical insecticides directed at the immature stages of the 
first two generations of the pest. 

Here we describe the introduction and spread of the pest in Mendoza Province, the 
control strategy and tools used with a focus on results achieved in 2017-2018, and 
prospects for control in future seasons. 


2. CHARACTERISTICS OF THE PEST AND DAMAGE 


The European grapevine moth is a multivoltine pest, with the number of generations 
a function of temperature and photoperiod (Thiéry 2008; CABI 2019). In Mendoza 
this pest has four generations per season, each with five larval instars. It overwinters 
in the pupal stage under the bark in vineyards. Adults emerge gradually in the spring 
and have crepuscular habits (Milonas et al. 2001; Gallardo et al. 2009). Females from 
the first generation lay their eggs in the flower corollas (Torres-Vila et al. 1997; Maher 
2002), however females of the later generations oviposit their eggs directly on the 
developing grapes, with the larvae causing direct damage and the loss of commercial 
value due to rejections by wineries. Each female can lay approximately 100 eggs in 
its life. While there is little data about fecundity, mortality, and population growth 
rates of the European grapevine moth outside its native range, it is clear from results 
presented below and population growth models that the potential for population 
growth is staggering (Gabel and Mocko 1986; Briere and Pracros 1998; Gutierrez et 
al. 2012; Gilioli et at. 2016). 
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The damage caused by L. botrana larvae to floral buttons, flowers and fruit 1s 
illustrated in Fig. 1. Feeding of the pest not only affects yields, but also reduces 
quality. Larval feeding triggers infections by the fungus Botrytis cinerea Persoon and 
other organisms that are the gateway to diseases such as bunch rot in the grapes. 
Furthermore, the presence of fungal and faecal residues of larvae cause undesirable 
aromas and flavours in wines that can lead to technical problems in wine making. 


Damage to floral buttons and flowers 


Glomerulus 


Rottenness in fruits 


Fruits and floral buttons 
covered by silk threads 


Figure 1. Damage caused by Lobesia botrana larvae to floral buttons, flowers and fruit, and 
the resulting bunch rot in grapes (credit ISCAMEN). 


3. SPREAD AND DISTRIBUTION OF EUROPEAN GRAPEVINE MOTH 
IN THE PROVINCE OF MENDOZA 


Since the initial detection of L. botrana in 2010, ISCAMEN and the Servicio Nacional 
de Sanidad y Calidad Agroalimentaria (SENASA) have carried out monitoring 
activities to obtain critical incidence data necessary for the implementation of AW- 
IPM activities against the insect. Over 4000 pheromone-baited delta traps (E/Z 7,9 
dodecadienyl acetate) are deployed in the main four oases of Mendoza Province. The 
traps are inspected weekly, except during the winter months when they are inspected 
every two weeks. ISCAMEN collects and disseminates these trapping data in the form 
of pest population distribution maps to support growers’ pest management practices. 
The rapid spread of the pest in the four oasis regions until 2016 is presented in Figs. 
2a,bc. 
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Figure 2a. The distribution of Lobesia botrana between 2010 and 2016 based on moth catches 
in the Northern and Eastern Oases of Mendoza Province, Argentina (credit ISCAMEN). 
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Figure 2b. The distribution of Lobesia botrana between 2010 and 2016 based on moth catches 
in the Central Oasis of Mendoza Province, Argentina (credit ISCAMEN). 
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Figure 2c. The distribution of Lobesia botrana between 2010 and 2016 based on moth catches 
in the Southern Oasis of Mendoza Province, Argentina (credit ISCAMEN). 


The results of this monitoring programme indicated a rapid spread and increase of 
the population of the European grapevine moth, which currently infests 150 000 ha of 
the total 160 000 ha of vineyards in the Province of Mendoza. 

The most affected areas are the Northern and Eastern Oases (Fig. 2a), and to a 
lesser extent the Central Oasis (Fig. 2b). During the last seasons, the harvested grapes 
in these oases have shown variable damage. This was related to factors such as the 
degree of susceptibility of the different varieties, and different crop and pest 
management systems, among others. 

The damage on floral clusters and grapes have caused yield losses ranging from 
10 to 7096 (based on information from growers). In some situations, the damage can 
be 100% at harvest depending on the environmental conditions (mainly rain and 
humidity) and the cultivars (Moreau et al. 2006; Xuéreb and Thiéry 2006). Compared 
to the other areas, the Southern Oasis still has low L. botrana population levels 
(Fig. 2c). 


4. CONTROL STRATEGY FOR EUROPEAN GRAPEVINE MOTH IN 
MENDOZA: THE 2017-2018 SEASON 


Since the European grapevine moth was detected in Argentina, the official state and 
federal organizations promulgated Law 27.227, that formalized the establishment of 
a Technical Committee composed of representatives from SENASA, the Instituto 
Nacional de Technología Agropecuaria (INTA) and the phytosanitary agencies of the 
wine production provinces (Mendoza, San Juan, La Rioja, Catamarca, Tucumán, 
Salta, Jujuy, Río Negro, Neuquén, La Pampa, and southern Buenos Aires). 
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The provinces where the pest is present (Mendoza, San Juan and Salta) coordinate 
control actions, while the provinces free of L. botrana focus on detection and 
quarantine activities (controlling the movement of trucks with grapes or containers 
used during harvesting, or harvest machines to avoid risk of dispersal). 

The same law also established a Technical Advisory Committee (TAC) with 
technical members of the above-mentioned organizations, along with members of the 
Asociación de Cooperativas Vitivinícolas Argentinas (ACOVI), the Corporación 
Vitivinicola Argentina (COVIAR), the Federación de Cooperativas Vitivinícolas 
Argentinas (FECOVITA), the Instituto Nacional de Semillas (INASE), the Instituto 
Nacional de Vitivinicultura (INV), Argentina's wineries, association of table grape 
growers and others. 

Using the results obtained in the previous seasons and the current pest status, the 
TAC developed a management strategy for each oasis of the province for the 2017- 
2018 season. This was authorized by SENASA after thorough evaluation and 
verification that these were compliant with the requirements of the national 
programme. The TAC also established protocols for monitoring, assessment of fruit 
damage, movement of fruit inside and outside the affected production and regulated 
areas, and sanitary controls within the quarantine areas. 

Growers needed to register with the programme to receive assistance and the 
necessary control items and products. A total of 7903 growers were registered 
covering 11 400 properties over a total area of 132 674 ha of vineyards (Table 1). 
These numbers, out of the total 160 000 ha of vineyards, epitomize the severity of the 
L. botrana problem for the grape and wine industries. 

Public and private entities were involved in providing training to this large 
number of growers that included workshops given to growers, technicians, 
professionals and winery owners. The training was essential to ensure the correct use 
of the control tools. A total of USD 20 million was invested to enable implementation 
of the management programme in the affected provinces. 


Table 1. Number of vineyards, surface area and number of growers participating in the 
Lobesia botrana management programme in the oases of Mendoza 


Oasis Number of Area Number 
Vineyards (ha) of Growers 
Napkenvana 7689 89 392° 4503 
Eastern 
Central 1356 25 601 1002 
Southern 2972 17 681 2398 


* Of which approximately 25 000 ha are abandoned or semi-abandoned, requiring 
special attention by SENASA 
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5. CONTROL TOOLS USED 
5.1. Mating Disruption 


The decision to use mating disruption for supressing L. botrana in the Province of 
Mendoza was made because it is species-specific and there is an extremely low risk 
of developing resistance to the pheromone blend (although see Mochizuki et al. 2002). 
It does not produce insecticide residues, does not affect the beneficial fauna, and 
thereby limits the appearance of secondary pests. It is also compatible with other 
control methods and is accepted for use in organic orchards (Pérez Marín et al. 1995). 
Mating disruption works by releasing synthetic versions of the sex-pheromones 
that female L. botrana use to attract con-specific males (Cardé, this volume). 
Pheromone dispensers release pheromone plumes that confuse the males. Though the 
exact mechanism(s) of mating disruption is debated, be it habituation to the 
pheromone, attenuation of the sensory organs, false trail following, or trail masking, 
it Is clear that this technique reduces mating frequency and/or delays mating in such 
a way as to reduce overall fecundity, resulting in decreased damage to the grapes. 
The semipermeable polymer of the pheromone dispensers (RAK from BASF or 
ISONET from Shin-Etsu) releases the pheromone mix at a constant rate, depending 
on the temperature and humidity, for a period of 6 months. This provides protection 
of the crop for 180 to 200 days, which covers the entire grape season. Pheromone 
dispensers must be deployed before the onset of adult activity in the season 
(September is the first flight of L. botrana in Mendoza, see Fig. 3) and they need to 
be evenly distributed in the vineyards at a density (typically 350 dispensers per ha). 
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Biological control MD Insecticides Insecticides Cultural control 


Figure 3. Scheme of a growing season illustrating the best time for applying the different 
control methods in relation to the biological life cycle of Lobesia botrana and the 
development of the crop in Mendoza Province (MD= mating disruption) (credit ISCAMEN). 
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Depending on the pest pressure, however, mating disruption may need to be 
supplemented with insecticide applications to control the immature stages of the 
insect. Mating disruption is a density-dependent management tool, being less 
effective when pest populations are high, or when there are untreated areas with 
migration of moths into nearby mating disruption-treated areas. Mating disruption is 
a fundamental control tactic for the European grapevine moth in all countries where 
it is present (Del Tío et al. 2001; Louis et al. 2002; Vassiliou 2009; Ioriatti et al. 2011). 
It was also one of the main components for achieving the eradication of the outbreak 
of this pest in northern California, USA (Mastro et al. 2010a, b, c; Varela et al. 2010; 
Lance et al. 2011; Lucchi et al. 2014; Simmons et al., this volume). 

The Ministry of Agribusiness of the Nation procured 22 million mating disruption 
dispensers at a total cost of USD 9 344 500, which was enough to cover 62 857 ha. 
This amount was supplemented with USD 400 000 from the Province of Mendoza, 
which was enough to procure an additional 1 094 390 dispensers covering an area of 
approximately 3 126 ha. In the 2017-2018 growing season, mating disruption was 
therefore used on 65 983 ha of vineyards to manage populations of the European 
grapevine moth. 

In the 2018-2019 season, the state again invested USD 7.2 million to cover 60 000 
ha (120 USD/ha) with pheromone dispensers. In some areas, mating disruption was 
used as a single control tactic, whereas in others, it was combined with the application 
of specific insecticides for immature stages depending on the population levels. When 
populations remained below a seasonal average of 10 moths per day, only mating 
disruption was used. When more than 10 moths were caught, immature stages were 
suppressed with insecticide applications. 


5.2. Aerial Applications of Pheromones 


An alternative to hand-applied, polymer mating disruption dispensers 1s a flowable 
formulation that can be rapidly applied aerially. The product is a suspension of 
encapsulated particles containing 19.2% w/v of the active ingredient (E/Z 7,9 
dodecadienyl acetate). This product, 1f applied correctly, effective interrupts matings 
for 30-60 days from the moment of its aerial application over the crop. The pheromone 
is applied at the beginning of the second flight, in mid to late November for Mendoza 
Province (Fig. 4). 


Figure 4. Drops with pheromones on the crop foliage (credit ISCAMEN). 
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Flowable mating disruption does not last as long as polymer dispensers, however, 
aerial application allows for rapid, area-wide coverage, in response to building 
populations. This approach is also ideal to control moth populations in abandoned, 
semi-abandoned farms or mismanaged vineyards. These are the main refuges for this 
pest, where it proliferates and then emigrates to the treated orchards. No phytotoxicity 
symptoms were observed during its application (Fig. 4). The trapping data ofthe areas 
under treatment confirmed its effectiveness (Fig 5). 


250 
First flight Second flight 


200 


Pheromone application 


Average catches per day 


——Traps with pheromone treatment on second flight © —— Traps without treatment 


Figure 5. Effect of aerial pheromone sprays on the average catches of Lobesia botrana per 
trap in areas with and without mating disruption treatment (credit ISCAMEN). 


5.3. Insecticides for the Control of Immature Stages 


The invasion of European grapevine moth required the use of insecticides to control 
larval stages of the pest even though these historically have not been used in vineyards 
of the Province of Mendoza. Chemical control may be a necessary suppression tactic 
of agricultural pests in the framework of IPM, complementing biologically-based 
methods, such as biological control, mating disruption, together with mechanical and 
cultural controls. 

In view of the characteristics of the host crop (grapes) and taking into 
consideration the importance of protecting the beneficial fauna in the vineyards, the 
proposed phytosanitary products to suppress immature L. botrana had to conform to 
the following characteristics (and hence, being compatible with an AW-IPM 
approach): 1) low environmental impact, 2) specificity for the control of the target 
pest; 3) no effect on pollinators; and 4) no risks to human health. 

Aerial and ground applications of the selective insecticide  Coragen? 
(chlorantraniliprole or rynaxpyr, an anthranilic diamide insecticide) were used over 
138 000 ha of vineyards to control immature stages of the first generation of the pest. 
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In addition, the biological product Dipel DF® (Bacillus thuringiensis kurstaki) was 
applied by air over 68 000 ha of vineyards to control the immature stages of the first 
or second generation of the pest. 

Finally, the selective insecticide Proclaim Forte? (emamectin benzoate, an 
avermectin insecticide, derived from a metabolite of the bacterium Streptomyces 
avermitilis Kim and Goodfellow) was applied from the ground over 14 500 ha of 
vineyards to control immature stages of the second generation. Both Coragen and 
Dipel DF were already registered with SENASA for aerial applications on different 
Crops. 

In the 2018/2019 growing season, the products Delegate (active ingredient 
spinetoram) and Intrepid SC (active ingredient methoxyfenozide) were also used over 
large areas as part of the control strategy (Sáenz de Cabezón et al. 2005). Growers 
used Delegate for ground spraying, whereas Intrepid SC was mainly used for aerial 
application to target the first generation of immature stages. 


5.4. Aerial and Ground Application of Insecticides 


5.4.1. Advantages of Aerial Application of Chemical and Biological Products 

To obtain effective management of L. botrana, it is essential to apply the 
phytosanitary products during the various periods of insect susceptibility (Fig. 3). 
However, the growers of the affected areas are limited to ground spraying as they 
have no access to appropriate levels of mechanization. Since the detection of the pest 
in 2010, and depending on the available financial resources, SENASA assisted the 
growers in managing populations of L. botrana with insecticides of low 
environmental impact. Furthermore, it was essential to apply aerial sprays to the 
abandoned vineyards. 

The aerial application of insecticides has several advantages, such as 1) to allow 
an area-wide strategy, covering commercial as well as abandoned or semi-abandoned 
orchards, 2) the control can be applied rapidly to target the most vulnerable stage of 
the pest, 3) the number of ground applications is significantly reduced, 4) the 
treatments with aircraft are traceable / auditable, as the aerial sprays are monitored 
and continuously registered with appropriate GPS technology, 5) the spray mixtures 
are prepared by a small number of highly trained professionals, rather than a large 
number of growers who infrequently mixed insecticides in the past, reducing the 
likelihood of errors in the application rate, 6) the aerial spraying is cost-effective and 
the application volumes and the quantity of active ingredient applied are significantly 
reduced per unit of surface, 7) the use of GPS technology allows the aircraft to 
interrupt the application over specific areas such as rural houses, and, 8) satellite 
imagery allows determining the criteria and application blocks at a geographic scale, 
as well as proper coordination of operations. 

Prior to the aerial treatments, the planned activities are discussed and agreed upon 
with each community. The aerial operations require ground support equipment, and 
the phytosanitary organizations take samples to determine areas that need or don't 
need treatments. The data are communicated to the general public to ensure 
transparency. Provincial phytosanitary organizations assess population levels of the 
pest for each zone and the treatment products required for the aerial spraying. 
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A summary of the control strategy used during the 2018-2019 season, integrating 
the different control systems, are shown in Fig. 6. The products Coragen and Intrepid, 
are not certified for use in organic vineyards complying with NOP (National Organic 
Programme) norms established for exports to the USA. These products were not used 
when treating conventional orchards adjacent to NOP vineyards to avoid the possible 
drift of these insecticides. Mating disruption has been the focus in the control of the 
pest in the vineyards with organic certifications or NOP standards. 


* Mating Disruption 
60.000 Has. - 350 dispensers/Ha 


* Air spraying 
First generation: Coragen (0,12 It/Ha) and Intrepid (0,15 It/Ha) 
Mixture spraying: 6 It/Ha — Treated area 57.000 Has. 
* Insecticides į 
Control systems - {eesifcandlow * Ground spraying: 


environmental impact). 
First generation: Delegate (150 gr/Ha), Proclaim forte (1Kg/Ha) 
and Intrepid (0,15 It/Ha) - Treated area 42.700 Has. 


* Air spraying 
e n Second generation: Splat Lobesia (1-1,5 kg/Ha) 
ms of | Treated area 9.800 Has. 
eromones 
p Fourth generation: Splat Lobesia (1-1,5 kg/Ha) 
Treated area 3.800 Has. 


Figure 6. Strategy used for the control of Lobesia botrana for the 2018/2019 season, in 
working areas based upon data from the monitoring programme. 


5.4.2. Ground Spraying of Chemicals by the Growers 

Ground spraying by growers is used exceptionally and only in peri-urban areas or 
close to buildings where aerial applications are prohibited. For timing of interventions 
see Fig. 3: 

- First alert: The appearance of eggs of the first generation of the pest when the 
floral clusters of the crop are being formed (length of 5-7 cm) signals the opportune 
moment to carry out the first treatment against immatures. This occurs in mid- 
October, depending on temperatures and the status of varieties in each area. Coragen 
was the product selected for controlling the first generation of the pest in ca. 23 000 
ha and 42 700 ha in the 2017/2018 and 2018/2019 campaigns, respectively. 

- Second alert: The timing of chemical treatments against the immatures stages of 
this second generation is zone-dependent and is influenced by the population 
dynamics of the pest, field surveys, and thermo-cumulative models. The starting date 
for treatment of the second generation of the pest has been around the middle of 
December. Proclaim Forte was the choice for the control of this generation of the pest 
in an area of ca. 18 500 ha during the 2017/2018 campaign. 
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5.5. Cultural Control 


The main objective of cultural control is to prevent the insect completing its life cycle 
by removing infested grape clusters. The critical role of growers doing this post- 
harvest control is essential to managing this pest. Also, growers have to avoid the 
movement and transport of pruning wastes, as they can contain dormant stages of L. 
botrana. The implementation of these measures is supervised by the local 
phytosanitary organizations. 


6. RESULTS OF CONTROL ACTIVITIES 
6.1. Impact of Aerial Spraying against Immatures 


The impact of aerial sprays on the pest population is shown in Fig. 7. It displays 
average weekly moth catches with 60 traps during the 2016/2017 season, when aerial 
spraying was not carried out, and during the 2017/2018 season when aerial spraying 
against immatures took place. The data clearly indicate a reduction in the population 
density of generations 2, 3 and 4. This is evidence of the benefit of an area-wide 
approach using aerial spraying combined with preventive control earlier in the season 
for this multivoltine species. 
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Figure 7. Average weekly catches of Lobesia botrana with 60 traps during the 2016/2017 
season (without aerial spraying) and during the 2017/2018 season (with aerial spraying 
against immatures in the first and second generations) in the Province of Mendoza. 


AREA-WIDE MANAGEMENT OF LOBESIA BOTRANA IN ARGENTINA 609 


6.2. Management of Lobesia botrana since the 2016/2017 Season 


6.2.1. Northern and Eastern Oases 

At the end of the 2016-2017 season the pest was heterogeneously distributed 
throughout the Northern and Eastern Oases over a total area of approximately 50 000 
ha (Fig. 8). Our experiences of using mating disruption as a control tactic, and those 
of other programmes, indicate the need for continuous treatment of the areas to 
achieve sustained reductions in the pest population (Cardé, this volume). 

In the Northern and Eastern Oasis, mating disruption in the 2017/2018 and 
2018/2019 seasons was applied over a total of almost 40 000 ha using fixed 
pheromone dispensers and in the 2018/2019 season over 14 000 ha with one aerial 
application ofthe pheromone. These areas were also treated with the aerial application 
of chemical/biological insecticides to control immatures resulting from the first flight 
of the insect. In the remaining 48 000 ha of the Northern-Eastern Oasis, 
chemical/biological products were sprayed by air and from the ground for the control 
of the first and second flight during the 2017-2018 and 2018-2019 seasons. 


NORTHERN AND EASTERN OASES 
2016/2017 RESULTS 2017/2018 CONTROL STRATEGY 2017/2018 RESULTS 


2017/2018 RESULTS 2018/2019 CONTROL STRATEGY 2018/2019 RESULTS 


Detections Range - Catches accumulated per season CONTROL STRATEGY 
Ea E MD + Chemicals 
51-100 
Line B Aerea spraying of pheromones + Chemicals 
DNE ™ moony 
Hon Æ Chemicals only 
2001-3000 
23000 


Figure 8. Distribution and levels of Lobesia botrana populations in the Northern and Eastern 
Oases and control measures used in the 2016/2017, 2017/2018 and 2018/2019 seasons 
(credit ISCAMEN). 


6.2.2. Central Oasis 

Based on the monitoring data of the 2016/2017 season, the Central Oasis showed a 
uniform distribution of the pest (Fig. 9). As in the northern and eastern Oases, the 
strategy was defined in accordance to the distribution and population density of the 
pest. 
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The Central Oasis has approximately 26 000 ha of vineyards and L. botrana is 
present throughout the entire area. During the 2017-2018 and 2018-2019 seasons 
different control tactics such as mating disruption and chemical control of the 
immature stages of the first generation were combined in areas with the highest 
population pressure. In the rest of the oasis, only chemical control was applied against 
the immature stages during the first and second flights of the pest. 


CENTRAL OASIS 


2016/2017 RESULTS 2017/2018 CONTROL STRATEGY 2017/2018 RESULTS 


2017/2018 RESULTS 2018/2019 CONTROL STRATEGY 2018/2019 RESULTS 


CONTROL STRATEGY 


ios WP MD + Chemicals 
401-250 BE Aerea! spraying of pheromones + Chemicals 
51-500 
beech B moony 
1001-2000 ™ Chemicals only 
1-3000 


Figure 9. Distribution and levels of Lobesia botrana populations in the Central Oasis and 
control measures used in the 2016/2017, 2017/2018 and 2018/2019 seasons (credit 
ISCAMEN). 


6.2.3. Southern Oasis 

Population densities of the pest in the Southern Oasis 2016/2017 season were 
significantly lower than those observed in the Central and Northern-Eastern Oases 
(Fig. 10). 

In the Southern Oasis the pest has been detected so far in 10 000 ha out of a total 
of 16 000 ha of vineyards. During the 2017/2018 season mating disruption was used 
over the entire area. During the 2018/2019 season, the densities of the pest insect were 
very low, and therefore it was decided to use only mating disruption in all infested 
areas, and to continuously monitor in the remaining zones. 
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SOUTH OASIS 
2016/2017 RESULTS 2017/2048 CONTROL STRATEGY 2017/2018 RESULTS 
2017/2018 RESULTS 2018/2019 CONTROL STRATEGY 2018/2019 RESULTS 
6 
Detections Range - Catches accumulated per season CONTROL STRATEGY 
FETA WP wp-*Chemicals 
ee ™ Aereal spraying of pheromones + Chemicals 
M DI ™ moony 
4001-2000 ™ Chemicals only 
2001-3000 
>3000 


Figure 10. Distribution and levels of Lobesia botrana populations in the Southern Oasis and 
control measures used in the 2016/2017, 2017/2018 and 2018/2019 seasons (credit 
ISCAMEN). 


6.3. Additional Activities during the 2017-2018 and 2018-2019 seasons 


In the 2017/2018 and 2018/2019 seasons, mating disruption dispensers were applied 

as outlined above (see also Section 6.4.). However, there were several exceptions: 

1. Table grapes growers who were registered in the framework of the IPM 
programme were also provided with mating disruption dispensers to minimize the 
risks of the pest dispersing to wine grape growing areas. 

2. Mating disruption dispensers were provided to growers of table or organic wine 
grapes whose vineyards were smaller than 5 ha to ensure global coverage of 
mating disruption. 

3. Certified organic growers (NOP certification) or growers who were transitioning 
from traditional to organic production were provided with mating disruption 
dispensers for their local deployment. 


6.4. Comparison of Trap Catches in the Last Seasons 


The comparison of L. botrana trap catches in the last nine seasons is presented in 
Fig. 11. According to the results obtained from the same 4200 traps kept from the first 
season to the end of the 2018/2019 season, an overall reduction of the target pest 
populations was reached. Nevertheless, there are still some foci where the actions 
must be intensified. 
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Figure 11. Comparison of total Lobesia botrana captures per season in the Province of 
Mendoza from the 2010/2011 the 2018/2019 season. 


As in other insects with similar population dynamics, the control of the first 
generation of the insect will determine the level of pest population built-up later in 
the season, and therefore determines grape damage. Although these trap data are 
partially affected by the pheromones and other control measures applied, the reduction 
in the number of trap catches is an indicator of the effectiveness of the area-wide 
mating disruption. Some areas of the Southern Oasis begin to show discontinuity in 
wild moth catches even in the absence of any other kind of treatment, an indication of 
the potential towards achieving the final objective of eradication. 


7. DEVELOPMENT OF BIOLOGICAL CONTROL AND STERILE INSECT 
TECHNIQUE AS ALTERNATIVE CONTROL SYSTEMS 


During the last two years (starting in 2018), Argentina through ISCAMEN, has also 
been assessing the potential of integrating other control methods that are friendly to 
the environment. These are biological control and the Sterile Insect Technique (SIT) 
that are under development. 

Biological control, through the mass-rearing and augmentative release of 
Trichogramma sp. is being developed at ISCAMEN’s Pilot Experimental Unit. The 
efficiency of the microhymenopteran egg parasitoid was assessed on eggs of 
Grapholita molesta (Busck) eggs; however, eggs of L. botrana have also been 
parasitized. 

On the other hand, research on the SIT has been initiated by developing the mass- 
rearing for L. botrana. Wild material was collected from the field and a colony 
established. The eggs collected from oviposition cages were evaluated in terms of egg 
hatch. A specific larval diet was used and evaluated in terms of the percentage 
recovery from eggs to adults. Further studies include the development of a system to 
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separate mature larvae/pupae from the larval diet, determination of the irradiation 
dose, and methods for sterile moth packaging and release systems. 

During the 2019/2020 season, sterile moths, produced at an ISCAMEN pilot 
facility, are being released in a 27-ha commercial vineyard. Recapture data are being 
collected and analysed to determine the optimal relationship between sterile males 
and wild L. botrana moths for increased SIT application. 

Eventually the integration of the SIT, augmentative biological control and mating 
disruption could be validated as an insecticide-free IPM programme for the 
suppression of L. botrana. 
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SUMMARY 


Most rice insect pests are exogenous immigrants from either long distances or neighbouring areas. For their 
management to be economical and sustainable, an area-wide perspective is imperative. Key pests, like the 
planthoppers and stem borers, are highly dependent on rice for survival and reproduction. They multiply 
and move from one rice crop to another, sometimes carrying virus diseases such as ragged stunt, grassy 
stunt and rice stripe from source areas. The planthoppers are r strategists, unable to overwinter in northern 
China, Japan and Korea, and are known to “migrate” or are displaced by wind from southern China to 
temperate regions of China, Japan and the Korean peninsula. With adequate faunal biodiversity and 
biological control ecosystem services in a rice crop, immigrant pests have low chances of survival and 
growth capacities, and often remain a minor pest. However, when the local ecosystem services are 
compromised, often by unnecessary insecticide use or extreme weather conditions, such as droughts or 
floods, the immigrants show high survival and growth rates. Since, 2008 the Rice Bowl of Thailand suffered 
brown planthopper (BPH) (Nilaparvata lugens Stal) outbreaks for 14 consecutive rice seasons that caused 
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losses of more than USD 200 million. Farmers were routinely applying insecticides as prophylactics and 
the BPH consequently "escaped" its natural control and populations increased 100 000-fold. Ecological 
engineering approaches involve practices that will build and restore biodiversity and ecosystem services, 
and reduce insecticide-induced threats to ecosystem services. An area-wide increase in floral biodiversity 
in the crop landscape provides shelter, nectar, alternate hosts and pollen (abbreviated as SNAP by Professor 
Wratten) to conserve the natural enemy fauna. Pioneered in Jin Hua, China with sesame plants grown on 
the rice bunds, ecological engineering is now practiced in China, the Philippines, Thailand, and Viet Nam, 
using several flower species. A multi-country, multi-year field trial conducted by scientists of the 
International Rice Research Institute (IRRI) in collaboration with researchers from Australia, China, 
Thailand and Viet Nam showed that the growing of flowers on rice bunds as an ecological engineering 
practice increased profits (by 7.5%), yields (by 5%), biological control (by 45%) and added aesthetic values 
to the rural landscape. At the same time the ecological engineering practice decreased insecticide use (by 
70%), pest densities (by 30%) and farmers’ chemical input costs (by 70%). Farmers are adopters and 
implementers of ecological engineering practices, and to reach and motivate the millions of farmers in Viet 
Nam, two TV serials developed using entertainment-education principles were launched to promote the 
establishment of flower strips and to reduce insecticide applications. The TV serials helped farmers to “see” 
and appreciate the role of parasitoids by linking these (termed locally as “small bees”) to widely-known 
bees. Farmers that viewed the serials decreased their insecticide use by 24%, had 3.3% higher yields, 
increased their appreciation of parasitoids and gained positive attitudes towards the establishment of flower 
strips. To achieve sustainable area-wide pest management, ecological engineering practices have to be 
coupled with rational pesticide management through better pesticide policies, regulations and 
implementation, accurate pest diagnostics and timely professional advice to farmers. Aside from its proven 
impacts on pest control and more profitable farming, increasing biodiversity and ecosystem services in rice 
fields can also contribute towards climate change adaptation and a more resilient environment. 


Key Words: Nilaparvata lugens, brown planthopper, rice, rice insect pests, ecosystem services, migration, 
mass-media, entertainment-education, habitat manipulation, biological control, natural enemies, 
parasitoids, predators, China, Philippines, South Korea, Thailand, Viet Nam 


1. INTRODUCTION 


Rice is the staple food for more than 3000 million people, grown on 159 million 
hectares (ha) in most Asian countries (IRRI 2013). It is often believed that insect pests 
are major constraints as there are hundreds of herbivore species that can potentially 
attack various parts of the rice plant (Heinrichs 1994). However, in reality only a few 
species are key pests that can cause economically-significant yield loss and among 
these, most species are either monophagous or oligophagous, and are highly 
dependent on rice for survival (Way and Heong 1994). 

Besides herbivores, there are hundreds of predator, parasitoid and detritivore 
species that are beneficial to the rice ecosystem (Heong et al. 1991). The most 
destructive pests are the planthoppers, which are r strategists capable of multiplying 
rapidly. They damage crops directly by sucking, causing a symptom known as 
“hopperburn” and by transmitting virus diseases (Heong and Hardy 2009). Unable to 
overwinter and strictly monophagous, the planthoppers migrate or are displaced by 
winds over long distances from maturing fields to new rice crops, often from northern 
regions of Viet Nam and southern China to central and northern China, Japan and the 
Korean peninsula (Watanabe et al. 2009). 
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The biodiversity of predators and parasitoids present in rice ecosystems is usually 
adequate to limit the growth of these migratory pests. However, when the faunal 
biodiversity that provides the biological control ecosystem services are compromised 
and the immigrant populations are abnormally high, they can reach outbreak 
proportions. 

Since 2008 the Rice Bowl of Thailand suffered brown planthopper (BPH) 
(Nilaparvata lugens Stál) outbreaks during 14 consecutive rice seasons, causing losses 
of more than USD 200 million (Heong et al. 20152). Thailand's rice farmers had been 
routinely applying insecticides as prophylactics, primarily cypermethrin and 
abamectin, thereby killing natural enemies and as a result the BPH "escaped" its 
natural control and populations increased unchecked by more than 100 000-fold in 
just 2 months. At the same time, similar BPH outbreaks were also reported in Java, 
Indonesia caused by similar insecticide misuse (Fox 2014). 


1.1. Biological Control Ecosystem Services 


Ecosystem services are benefits that people obtain from ecosystems (MEA 2005). 
Biological control ecosystem services are among the regulatory services derived from 
predation and parasitism activities, delivered by a diverse and abundant complex of 
predator and parasitoid species present in the agroecosystem. 

Tropical rice ecosystems are richly endowed with these predatory and parasitoid 
species that play significant roles in keeping the number of pest species low (Way and 
Heong 1994). As a consequence, the pest species rarely cause economically- 
significant damages, and even in intensified rice crops, insecticides are not regularly 
needed (FAO 2011). 


1.2. Are There Productivity Gains from Farmers’ Insecticide Usage? 


Researchers have been questioning whether farmers' insecticide use, as promoted in 
the 1970s and 1980s under the Green Revolution, have had any productivity gains in 
rice (Heong et al. 2015c). Insecticides packaged together with fertilizer have been 
applied as prophylactics based on calendar schedules, and this practice has remained 
entrenched in most of Asian countries (Heong and Escalada 1997; Escalada et al. 
2009). 

Typically rice farmers would conduct overhead sprays in the early crop stages, 
using locally-made spray equipment with poor spray delivery. Most of these sprays 
do not impact the target pests and often roll off the rice plants into the water. One 
study found that more than 80% of rice farmers’ sprays were found to be misuses of 
insecticides that resulted in no yield gain (Heong et al. 1995). 

A replicated field plot experiment conducted by economists to assess cost-benefits 
from different pest management strategies found that fields with zero insecticide 
sprays offered the best option, while net losses increased with the number of 
insecticide sprays (Table 1) (Pingali et al. 1997). 
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Table 1. Comparison of insecticide spray strategies of farmers in 2 sites in the Philippines 
(after Pingali et al. 1997) 


Sites Management strategies Number of Percent net 
sprays benefits over “no 
spray” 
Laguna Complete protection 6 -11.7% 
Farmer’s strategy 2 - 3.6% 
Integrated Pest 1 - 5.0% 
Management 
No spray 0 - 0.0% 
Nueva Ecija Complete protection 6 - 4.7% 
Farmer’s strategy 2 - 3.1% 
Integrated Pest 1 - 3.5% 
Management 
No spray 0 - 0.0% 


Moreover, yield-insecticide application relationships from 8 farm survey data-sets 
showed that average yields of farms, where no insecticides were used, did not differ 
from those with 3 or more sprays (Heong et al. 2015b). 

In farmer participatory experiments, where farmers divided their fields into 2 
plots, i.e. one that would not receive any sprays in the first 40 days after sowing and 
the other with normal practices, yields of the plots with reduced insecticide sprays 
were slightly higher (Huan et al. 2005). The prophylactic insecticide sprays, especially 
in the early crop stages, tended to destroy the biological control ecosystem services 
(Heong 2009) and increased subsequently crop vulnerability to planthopper outbreaks 
by about ten-fold (Heong et al. 2015b). 


1.3. Ecological Engineering in Rice 


Pioneered in China (Lu et al. 2015), ecological engineering in rice entails the 
promotion of insecticide reductions and the establishment of (nectar-rich) flowering 
plants on the bunds and field margins, with the ultimate goal to restore biodiversity 
and ecosystem services (Fig. 1). 
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The flora on the bunds provides shelter, nectar, alternate hosts and pollen 
(abbreviated SNAP) to conserve the natural enemy fauna and associated biological 
control services (Gurr et al. 2012). For instance, parasitoids of planthoppers live on 
alternative hosts on the bunds (see review by Gurr et al. 2010), crickets that are 
predators of pest eggs breed in bund habitats with the grass Bracharia mutica (Forssk.) 
Stapf and forage in rice fields at night (Kraker et al. 1999), and spiders also use such 
habitats for shelter and breeding. Coupled with withholding insecticide sprays in the 
early crop stages, biological control services are further enhanced through ecological 
engineering. 

A multi-country and multi-season replicated field experiment in China, Thailand 
and Viet Nam showed that rice fields with flower strips as an ecological engineering 
practice required less insecticides (by 70%), had increased yields (by 5%) and profits 
(by 7.5%). In addition, the fields had increased biological control (by 45%), and lower 
pest abundances (by 30%) (Gurr et al. 2016). 


Ecological Engineering techniques 


Restore Conserve 
Biodiversity Biodiversity 


Species Biodiversity 


Ecosystem Services 


Figure 1. Ecological engineering techniques both restore and conserve biodiversity and 
ecosystem services (modified from Heong et al. 2014). 


Another technique is to grow a trap-plant like vetiver grass (Vetiveria zizanioides 
(L.) Nash) on bunds before crop establishment. The grass will attract striped rice 
stemborer (Chilo suppressalis (Walker) females to lay eggs on the leaves of vertiver 
grass, but the larvae will not survive on them (Lu et al. 2017; Zheng et al. 2017). 

In rice fields in Indonesia, Ives and Settle (1997) also recorded increases in natural 
enemy populations in asynchronous planting, where early-arriving generalist 
predators decimate incipient infestations of pests and suppress their populations. 
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2. AREA-WIDE IMPLEMENTATIONS OF ECOLOGICAL ENGINEERING 
PRACTICES 


Most rice pests and especially the planthoppers are highly mobile, primarily 
monophagous, and the adults invade new rice crops from other fields. In order to 
manage such pests sustainably, control strategies need area-wide implementation. In 
Southeast Asia the size of most farms is small (less than 2 ha) and so a typical rice 
growing area, like the Mekong Delta, would easily be managed by about a million 
decision-makers. 

To successfully implement ecological engineering practices in such large areas, 
there is a need to understand farmer decisions in order to help design communication 
strategies that can reach and motivate all of these decision-makers. 


2.1. Understanding Farmer Decisions 


In a series of social psychology studies to understand rice farmers’ pest management 
decision-making, a psychometric model was developed (Escalada et al. 2006; 
Escalada and Heong 2012). In making resource management decisions, farmers are 
always faced with uncertainty, limited time and knowledge, and like most people they 
use the “satisficing” strategy rather than making decisions that would be maximizing 
outcomes (Simon 1982). 

Farmers generally use “heuristics” (or rules of thumb) under conditions of limited 
time, knowledge and computational capacities. However, heuristics that farmers have 
developed through experience and guesswork about possible outcomes might have 
inherent faults and biases. Research to understand farmers’ heuristics and their 
reasoning can help in developing communication strategies to frame alternative 
heuristics that can improve their decisions. 


2.2. Designing Communication Strategies 


Two mass-media based communication strategies, found to be effective in promoting 
pest management practices, were used to reach farmers and motivate their adoption 
of ecological engineering practices: multi-media campaigns and entertainment- 
education series on TV. 


2.2.1. Multi-media Campaigns 

Mass-media campaigns to motivate rice farmers to change practices have been highly 
successful in Viet Nam. The campaign to reduce early-season spraying has helped in 
easing farmers’ loss aversion attitudes and consequently in lowering insecticide 
sprays by 53% (Heong et al. 1998; Escalada et al. 1999). 
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In a follow-up campaign, advocating farmers to reduce insecticide sprays, seed 
and fertilizer rates (locally named “Three Reductions”), farmers lowered their seed 
and fertilizer use by 10% and 7% respectively and their insecticide sprays by 33% 
(Huan et al. 2008). 

In each of the campaigns a multi-stakeholder participatory planning and review 
process involving research, extension, mass-media, universities and local 
governments was used to develop materials and plan further media strategies (Heong 
et al. 2010). Prototype posters and leaflets for the ecological engineering campaigns 
were developed using the same process and were pre-tested before they were mass- 
produced and distributed. Fig. 2 shows examples of the posters used in Viet Nam and 
China to promote ecological engineering practices. 


RUÓNG CÓ HOA CHO3 LOI ÍCH 


JA 
des 


ADB IRR 
DB IRRI Si 


Figure 2. Posters developed for distribution to promote ecological engineering techniques in 
Tien Giang Province, Viet Nam (left) and San Men, China (right) (credits K. L. Heong and Z. 
R. Zhu). 


In a post-campaign survey, conducted 8 months after the campaign launch in Viet 
Nam, significant changes in farmers’ key beliefs related to ecological engineering 
were recorded (Table 2). 


2.2.2. Entertainment-education on TV 
Entertainment-education is the process of designing and implementing a programme 
to both entertain and educate so as to increase target audience members’ knowledge, 
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create favourable attitudes, shift norms and change behaviour (Singhal and Rogers 
1999). A radio soap opera using this process to motivate change in farmers’ pest 
management resulted in a reduction in insecticide sprays by 6096 among the listeners 
(Heong et al. 2008). 


Table 2. Changes in key beliefs related to ecological engineering before and after the mass- 
media campaign launch in Tien Giang Province, Viet Nam (after Heong et al. 2014) 


Percent farmers 


Key belief items in Ecological Engineering believing to be “always Percent 

true" change 
Pre Post 

Flowers on bunds attract bees and parasitoids 45.9 56.3 +22.7 

Flowers on bunds are homes for spiders and natural | 31.1 | 439 | +41.2 

enemies 

Flowers on bunds help us reduce insecticides | 39.8 | 503 | *26.4 

Flowers on bunds help reduce BPH outbreaks | 27.4 | 4L | +50.0 


To upscale the adoption of ecological engineering practices, a TV serial of 40 
episodes, broadcast on Vinh Long TV twice a week was launched (Heong et al. 2014). 
Of the 593 farmers interviewed after the broadcast, about 41% had not watched any 
of the TV serial episodes (non-viewers). Of those who had watched the TV serial, 
most farmers (60%) watched five or fewer episodes and only 7% had watched more 
than fifteen episodes. Farmers who had viewed the TV serial sprayed significantly 
less insecticides (19% less), used less nitrogen fertilizer (6% less), and used lower 
seed rates (12% less). The yields of viewers were marginally higher than those of non- 
viewers (difference of 0.2 t/ha). Farmers who had watched the TV serial could recall 
what they learned from the series. 

Table 3 shows the most common lessons farmers cited. There were significantly 
more farmers believing in statements that favour ecological engineering among the 
viewers than the non-viewers (Table 4). 


3. CONSTRAINTS TO AREA-WIDE IMPLEMENTATION OF ECOLOGICAL 
ENGINEERING 


While numerous research studies have demonstrated various successful methods and 
approaches, including ecological engineering, for reducing insecticide use in rice 
production, most of these have not been sustainable or adopted at an area-wide scale. 
Insecticide use in rice has continued to escalate despite the research showing that there 
are few or no productivity gains (Heong et al. 2015c) and that insecticides induce 
outbreaks of secondary pests like the planthoppers, that are more damaging (Bottrell 
and Schoenly 2012; Heong and Schoenly 1998). 

The well-funded Farmer Field School (FFS) approach of the Food and Agriculture 
Organization of the United Nations (FAO), that trained millions of rice farmers in 
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integrated pest management (IPM) (Matteson 2000), had indeed some successes. 
Graduates of FFS benefited from a statistically significant gain in knowledge of better 
pest management. However, such knowledge did not diffuse to other members of their 
villages (Feder et al. 2004). When the programme ended in Indonesia by the late 1990s 
the gains were rapidly lost (Thorburn 2013), insecticide use once again escalated, and 
insecticide imports increased by more than 500096 (Heong et al. 2015b). 


Table 3. TV serial viewers’ recalls of what they had learned from it (Heong et al. 2014) 


What farmers learned from the TV serial Percent farmers 
recalling* 
Nectar flowers can attract natural enemies to help pest control 29.9 
Nectar flowers can help reduce insecticide use 14.8 
Flowers on the bunds can help protect the environment 11.3 
Flowers help the beautify the rural landscape 10.1 
Applying “3 reductions" methods 13.3 
If insecticides are to be used, apply them correctly 11.9 
Techniques in flower growing 9.6 


* Multiple responses 


Table 4. Key beliefs related to ecological engineering practices and comparison between 
viewers and non-viewers of the TV serial in percent of farmers who said that the statements 
were “always true” (Heong et al. 2014) 


Belief statements Percent farmers who believed % 
the statement to be “always 
true” 
Viewers Non-viewers 
Flowers on bunds can attract bees and 
parasitoids to protect rice 32.2 21.1 25.7" 


Flowers on bunds are homes for spiders and | 
other predators 35.9 21.5 30.6* 


Flowers on bunds help farmers reduce | 
insecticide use 37.6 21.1 24.8" 


Flowers on bunds can help reduce | 
planthopper pest outbreaks 30.8 19.8 13.2* 


Flowers on bunds make rice landscapes | 
beautiful 68.3 55.4 19.6” 


X^ Chi Squared: * significant at 0.05%; * significant at 0.01% 
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Besides developing innovative pest management methods, the major constraints 
to adoption that need to be addressed are the weak regulations regarding insecticide 
marketing and the shortage of extension and field staff with knowledge and pest 
diagnostic capacities. 


3.1. Pesticide Marketing in Asia 


Using the “driving forces, pressures, states, impacts, responses” (DPSIR) analytical 
framework, Spangenberg et al. (2015) highlighted that the weak regulation of 
pesticide marketing is the root cause for the unsustainable implementation of 
ecologically-based practices. In Asia, the use of insecticides in rice is not driven by 
pest pressures but attributed mainly to the aggressive marketing strategies of 
insecticide companies, similar to those used to promote fast-moving consumer goods 
(FMCGs) (Heong et al. 2015b). Pesticides are readily available in the thousands of 
small retail shops across the countryside, where unlicensed shop owners 
simultaneously sell household items, provide credit and act as pest control advisers. 
Insecticides being sold as FMCGs are not consistent with the principles of IPM or 
rational insecticide use. 

Such practices are rare in countries where pesticide use is well regulated, like 
Australia and Europe, and such practices are in complete violation of the FAO-WHO 
International Code of Conduct on Pesticide Management (FAO/WHO 2014), 
formally endorsed by most Member States of the United Nations and the pesticide 
industry. 

Furthermore, insecticide marketing is routinely driven by attractive product 
packaging, deceptive brand names, such as “Admire”, “Macho”, “Fastac”, “Venom” 
and “Warhawk”, and sales incentives, whereas IPM requires knowledge-based 
choices and rational decision-making. Calendar-based applications are favoured 
through insecticide marketing, which appeal to farmers as their use is not based on an 
in-depth knowledge of the pest or the ecosystem, whereas IPM requires a sound 
understanding of the local environment, the agricultural ecosystems, the biological 
cycles of the pests, the relations of natural enemies and ecosystems, and their services 
in pest control. IPM promotes the need for a scientific rationale based on technical 
knowledge of ecosystems to guide insecticide use, while insecticide marketing 
strategies focus on mass-scale consumer use to maximize profits. 

Pesticide sale agents often enjoy handsome incentives, such as cash, household 
equipment, holiday trips and even sponsored trips to Mecca to perform the Haj, based 
on sales volume. As a result, in most Asian countries, pesticide sale agents far 
outnumber government officials trying to promote (more sustainable) pest 
management alternatives. For instance, in Thailand there are about 200 government 
extension officers, while the pesticide industry employs more than 35 000 sales 
agents. 
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Some extension agents might also earn extra cash from chemical companies by 
promoting the use of their insecticides. For instance, agricultural extension agents in 
China generate most of their salaries and office operating costs through pesticide sales 
(Hamburger 2002). In Viet Nam, extension staff often earn extra money by selling 
inputs to farmers and thus tend to bias the information they provide to farmers 
(McCann 2005). 


3.2. Acute Shortage of Pest Diagnostic Capacities and Professional Support to 
Farmers 


The shortage of skills among plant protection technician is another major constraint 
for the smooth implementation and further up-scaling of ecological engineering 
tactics. In most Asian countries, government budget cuts and a decreased emphasis 
on agriculture in college education has led to drastic reductions in the pest and disease 
diagnostic capacities of younger extension staff. Many assigned to plant protection 
duties are often incapable of recognizing pests and diseases or their symptoms, and 
thus are unable to advice farmers. Wrong information and advice can lead to increased 
unnecessary insecticide spraying. They also have poor knowledge of insecticides, 
their modes of action, application details and ecological methods. 

More attention needs to be given on the development of interactive tools for 
extension workers who want to learn and diagnose pest, disease, and other problems 
that occur in rice, and how to manage them, such as the Rice Doctor (2019) and several 
smart phone apps now available. 


4. CONCLUDING REMARKS 


Most key insect pests of rice are monophagous or oligophagous, and thus highly 
dependent on rice for survival. They are r strategists breeding in rice fields and 
migrating to invade new fields every season. The level of infestation in newly- 
established crops depends on the abundance of the immigrant populations and the 
generation survival rates. 

In most cases rice farmers’ insecticide applications have low and often negative 
productivity gains (Pingali et al. 1997; Heong et al. 2015c). Insecticide use, especially 
in the early crop stages, often used prophylactically or targeting leaf feeders, is 
unnecessary, has detrimental effects on ecosystem services, and promotes abnormal 
population growth and outbreaks of planthoppers (Heong 2009). The resulting high 
pest populations can readily invade neighbouring fields, where no insecticides are 
used, thus overwhelming resident natural enemy populations and inflicting huge 
damage and yield losses. In order to sustainably manage pest problems in rice 
production systems, area-wide perspectives and strategies are required. 
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The ecological engineering approach can be effectively employed to build or 
restore ecosystem services in rice production systems. This approach involves three 
ecological strategies to improve pest suppression (Gurr et al. 2012). The first is to 
minimize mortality of beneficial arthropods by reducing insecticide use, especially in 
the early crop stages. The second is to support the build-up of predators in the early 
crop stages by providing alternative food sources such as non-pest prey items, like 
chironomids. Avoiding insecticide use in the first 40 days after sowing (Way and 
Heong 1994) will also enhance this second strategy. The third is to enhance 
hymenopteran parasitoids through habitat manipulation, like growing nectar-rich 
flowering plants on the bunds. Bund flowers provide nectar for food, thus benefiting 
a huge diversity of parasitoids and other natural enemies (Gurr et al. 2010). Egg 
parasitoids of planthoppers, for instance, increase their attack capacities when they 
feed on sesame flowers (Zhu et al. 2013). 

There are several ways to encourage farmers to adopt ecological engineering and 
to conserve biodiversity and ecosystem services through insecticide reduction. In light 
of the shortage of extension staff with pest diagnostic skills and the need for an area- 
wide adoption of pest management practices, communication strategies, such as 
multi-media campaigns and entertainment-education can be usefully employed to 
motivate farmers (Escalada and Heong 2012). Such strategic use of mass-media is 
relatively cheap, is able to reach tens of thousands of farmers at limited cost, in a short 
time and with frequent repetitions, and the resulting changes in behaviour can thus 
become sustainable. In addition, for area-wide pest management to be sustainable, 
pesticide management policies, especially those related to marketing, need to be in 
place, properly implemented and duly enforced. 

As long as pesticide marketing tactics are not in compliance with the FAO-WHO 
Code of Conduct, and pesticides continue to be sold as FMCGs with numerous trade 
names in unlicensed retail outlets, it will be exceptionally challenging for non- 
pesticide management options, like ecological engineering or IPM, to be adopted 
sustainably. 

Besides revising and enforcing pesticide marketing regulations, the enactment of 
environment-friendly laws will create the platform for ecological engineering 
techniques. In South Korea, for instance, the Environmentally Friendly Agriculture 
Promotion Act (EFA) was enacted and implemented in 1998 (Kim and Lim 2015). 
Under this Act, there were shifts in subsidies from chemical inputs to environment- 
friendly alternatives, like growing other crops or plants. As a result, there was a 
transformation of the rice production landscape in South Korea with farmers growing 
sesame, soybeans and flowering plants around their rice crops. In addition to 
benefiting from the subsidy shifts, farmers were also able to market products from 
other crops, especially sesame and soybeans. The government also established the 
EFA Department with staff to implement the Act and provide assistance, such as seeds 
of other crops. 


ECOLOGICAL ENGINEERING FOR RICE PLANTHOPPER PESTS IN ASIA 629 


5. ACKNOWLEDGEMENTS 


The authors would like to thank the International Rice Research Institute (IRRI) where 
most of the work was carried out, and the Asian Development Bank (ADB) RETA 
6489, and the Swiss Development Agency (SDC) for providing the funds for the 
research and networking activities, as well as the two anonymous reviewers for 
providing us with valuable suggestions. 


6. REFERENCES 


Bottrell, D. G., and K. G. Schoenly. 2012. Resurrecting the ghost of green revolutions past: The brown 
planthopper as a recurring threat to high-yielding rice production in tropical Asia. Journal of Asia- 
Pacific Entomology 15: 122-140. 

Escalada, M. M. and K. L. Heong. 2012. Using farmer surveys and sociological tools to facilitate adoption 
of biodiversity-based pest management strategies, pp. 199—213. In G. M. Gurr, S. D. Wratten, W. E. 
Snyder, and D. M. Y. Read (eds.) Biodiversity and insect pests: Key issues for sustainable 
management. John Wiley & Sons, Ltd., UK. 

Escalada, M. M., K. L. Heong, N. H. Huan, and V. Mai. 1999, Communications and behavior change in 
rice farmers' pest management: The case of using mass media in Vietnam. Journal of Applied 
Communications 83: 7-26. 

Escalada, M. M., K. L. Heong, V. Sengsoulivong, and J. C. Schiller. 2006. Determinants of insecticide 
use decisions of lowland rice farmers in Laos, pp. 283-290. In J. C. Schiller, M. B. Champhengxay, B. 
Linguist, and S. Appa Rao (eds.), Rice in Laos. International Rice Research Institute, Los Baños 
Philippines. 

Escalada, M. M., K. L. Heong, N. H. Huan, and H. V. Chien. 2009. Changes in rice farmers' pest 
management beliefs and practices in Vietnam: An analytical review of survey data from 1992 to 2007, 
pp. 447-456. In K. L. Heong, and B. Hardy (eds.), Planthoppers: New threats to the sustainability of 
intensive rice production systems in Asia. International Rice Research Institute, Los Baños, 
Philippines. 

(FAO) Food and Agriculture Organization of the United Nations. 2011. Save and grow: A 
policymaker's guide to the sustainable intensification of smallholder crop production. FAO, Rome, 
Italy. 102 pp. 

(FAO/WHO) Food and Agriculture Organization of the United Nations/World Health Organization. 
2014. The international code of conduct on pesticide management. FAO, Rome, Italy. 37 pp. 

Feder, G., R. Murgai, and J. B. Quizon. 2004. The acquisition and diffusion of knowledge: The case of 
pest management training in Farmer Field Schools, Indonesia. Journal of Agricultural Economics 55: 
221-243. 

Fox, J. J. 2014. Fast-breeding insect devastates Java’s rice. Asian Scientist, March 2014 issue. 

Gurr, G. M., K. L. Heong, J. A. Cheng, and J. L. Catindig. 2012. Ecological engineering against insect 
pests in Asian irrigated rice, pp. 214-229. In G. M. Gurr, S. D. Wratten, W. E. Snyder, and D. M. Y. 
Read (eds.), Biodiversity and insect pests: Key issues for sustainable management. John Wiley & Sons, 
Ltd., UK. 

Gurr, G. M., J. Liu, D. M. Y. Read, J. L. A. Catindig, J. A. Cheng, L. P. Lan, and K. L. Heong. 2010. 
Parasitoids of Asian rice planthopper (Hemiptera: Delphacidae) pests and prospects for enhancing 
biological control. Annals of Applied Biology 158: 149-176. 

Gurr, G. M., Z. X. Lu, X. S. Zheng, H. X. Xu, P. Y. Zhu, G. H. Chen, X. M. Yao, J. A. Cheng, Z. R. 
Zhu, J. L. Catindig, S. Villareal, H. V. Chien, L. Q. Cuong, C. Channoo, N. Chengwattana, P. H. 
Lan, L. H. Hai, J. Chaiwong, H. I. Nicol, D. J. Perovic, S. D. Wratten, and K. L. Heong. 2016. 
Multi-country evidence that crop diversification promotes ecological intensification of agriculture. 
Nature Plants 22 (2): 16014. 

Hamburger, J. 2002. Pesticides in the People's Republic of China: A growing threat to food safety, public 
health and the environment. China Environment Series 5: 29-44. 

Heinrichs, E. A. (ed.) 1994. Biology and management of rice pests. Wiley Eastern Ltd., New Delhi, India. 
779 pp. 


630 K. L. HEONG ET AL. 


Heong, K. L. 2009. Are planthopper problems due to breakdown in ecosystem services? pp. 221—232. In 
K. L. Heong, and B. Hardy (eds.), Planthoppers: New threats to the sustainability of intensive rice 
production systems in Asia. International Rice Research Institute, Los Baños, Philippines. 

Heong, K. L., and M. M. Escalada (eds). 1997. Pest management of rice farmers in Asia. International 
Rice Research Institute, Los Baños, Philippines. 245 pp. 

Heong, K. L., and B. Hardy (eds.). 2009. Planthoppers: New threats to the sustainability of intensive rice 
production systems in Asia. International Rice Research Institute, Los Baños, Philippines. 460 pp. 
Heong, K. L., and K. G. Schoenly. 1998. Impact of insecticides on herbivore-natural enemy communities 
in tropical rice ecosystems, pp. 381—403. /n P. T. Haskell, and P. McEwen (eds.), Ecotoxicology: 

Pesticides and beneficial organisms. Chapman and Hall, London, U.K. 

Heong, K. L., G. B. Aquino, and A. T. Barrion. 1991. Arthropod community structures of rice ecosystems 
in the Philippines. Bulletin of Entomological Research 81: 407—416. 

Heong, K. L., M. M. Escalada, and A. A. Lazaro. 1995. Misuse of pesticides among rice farmers in 
Leyte, Philippines, pp. 97—108. Jn P. L. Pingali and P. A. Roger (eds.), Impact of pesticides on farmers' 
health and the rice environment. Kluwer Press, San Francisco, USA. 

Heong, K. L., M. M. Escalada, N. H. Huan, and V. Mai. 1998. Use of communication media in changing 
rice farmers' pest management in South Vietnam. Crop Protection 17: 413-425. 

Heong, K. L., M. M. Escalada, N. H. Huan, V. H. Ky Ba, L. V. Thiet, and H. V. Chien. 2008. 
Entertainment-education and rice pest management: A radio soap opera in Vietnam. Crop Protection 
27: 1392-1397. 

Heong, K. L., M. M. Escalada, N. H. Huan, H. V. Chien, and P, V. Quynh. 2010. Scaling out 
communication to rural farmers — Lessons from the "Three Reductions, Three Gains" campaign in 
Vietnam, pp. 207—220. In F. Palis, G. Singleton, and M. Casimero (eds.), Research to impact: Case 
studies for natural resources management of irrigated rice in Asia. International Rice Research 
Institute, Los Baños, Philippines. 

Heong, K. L., M. M. Escalada, H. V. Chien, and L. Q. Cuong. 2014. Restoration of rice landscape 
biodiversity by farmers in Vietnam through education and motivation using media. /n G. Mainguy 
(ed.), Special issue on large scale restoration of ecosystems. S.A.P.I.E.N.S (online) 7: (2) 29-35. 

Heong, K. L., Cheng, J. A. and M. M. Escalada (eds.). 2015a. Rice planthoppers: Ecology, management, 
socio economics and policy. Zhejiang University Press, Hangzhou and Springer Science+Business 
Media Dordrecht. 231 pp. 

Heong, K. L, L. Wong, and J. H. Delos Reyes. 2015b. Addressing planthopper threats to Asian rice 
farming and food security: Fixing insecticide misuse, pp. 69—80. /n K. L. Heong, J. A. Cheng, and M. 
M. Escalada (eds.), Rice planthoppers: Ecology, management, socio economics and policy. Zhejiang 
University Press, Hangzhou and Springer Science+Business Media, Dordrecht, The Netherlands. 

Heong, K. L., M. M. Escalada, H. V. Chien, and J. H. Delos Reyes. 2015c. Are there productivity gains 
from insecticide applications in rice production? pp. 179—190. Jn K. L. Heong, J. A. Cheng, and M. M. 
Escalada (eds.), Rice planthoppers: Ecology, management, socio economics and policy. Zhejiang 
University Press, Hangzhou and Springer Science+Business Media Dordrecht, The Netherlands. 

Huan, N. H., L. V. Thiet, H. V. Chien, and K. L. Heong. 2005. Farmers’ evaluation of reducing 
pesticides, fertilizers and seed rates in rice farming through participatory research in the Mekong Delta, 
Vietnam. Crop Protection 24: 457—464. 

Huan, N. H., H. V. Chien, P. V. Quynh, P. S Tan, P. V. Du, M. M. Escalada, and K. L. Heong. 2008. 
Motivating rice farmers in the Mekong Delta to modify pest management and related practices through 
mass media. International Journal of Pest Management 54: 339—346. 

(IRRI) International Rice Research Institute. 2013. Rice Almanac, 4th edition. International Rice 
Research Institute, Los Baños, Philippines. 283 pp. 

Ives, A. R., and W. H. Settle. 1997. Metapopulation dynamics and pest control in agricultural systems. 
American Naturalist 149: 220—246. 

Kraker, J. De, A. Van Huis, J. C. Van Lenteren, K. L. Heong, and R. Rabbinge. 1999. Egg mortality 
of rice leaffolders Cnaphalocrocis medinalis and Marasmia patnalis in irrigated rice fields. BioControl 
44: 449-471. 

Kim, C. G., and S. S. Lim. 2015. An evaluation of the environmentally friendly direct payment program 
in Korea. Journal of International Economic Studies 29: 3-22. 


ECOLOGICAL ENGINEERING FOR RICE PLANTHOPPER PESTS IN ASIA 631 


Lu, Z. X., P. Y. Zhu, G. M. Gurr, X. S. Zheng, G. H. Chen, and K. L. Heong. 2015. Rice pest 
management by ecological engineering: A pioneering attempt in China, pp. 161-178. /n K. L. Heong, 
J. A. Cheng, and M. M. Escalada (eds.), Rice planthoppers: Ecology, management, socio economics 
and policy. Zhejiang University Press, Hangzhou and Springer Science+Business Media, Dordrecht, 
The Netherlands. 

Lu, Y. H., K. Liu, X. S. Zheng, and Z. X. Lu. 2017. Electrophysiological responses of the rice striped 
stem borer Chilo suppressalis to volatiles of the trap plant vetiver grass (Vetiveria zizanioides L.). 
Journal of Integrative Agriculture 16(11): 2525-2533. 

Matteson, P. C. 2000. Insect pest management in tropical Asian irrigated rice. Annual Review of 
Entomology 45: 549—574. 

(MEA) Millennium Ecosystem Assessment. 2005. Ecosystems and human well-being: Synthesis. Island 
Press, Washington, DC, USA. 155 pp. 

McCann, L. 2005. Transaction costs of agri-environmental policies in Viet Nam. Society and Natural 
Resources: An International Journal 18: 759—766. 

Pingali, P. L., M. H. Hossain, and R. Gerpacio. 1997. Asian rice bowls: The returning crisis? 
International Rice Research Institute, Los Baños, Philippines and CABI International, Wallingford, 
UK. 341 pp. 

Rice Doctor 2019. Interactive tool for extension workers, students, researchers and other users who want 
to learn and diagnose pest, disease, and other problems that can occur in rice; and how to manage them. 

Simon, H. A. 1982. Models of bounded rationality: Empirically grounded economic reason. Volume 3. 
MIT Press, Cambridge, Massachusetts, USA. 336 pp. 

Singhal, A., and E. M. Rogers. 1999. Entertainment-education: A communication strategy for social 
change. Lawrence Erlbaum Associates Publishers, Mahwah, New Jersey, USA. 280 pp. 

Spangenberg, J. H., J. M. Douguet, J. Settele, and K. L. Heong. 2015. Escaping the lock-in of continuous 
insecticide spraying in rice: Developing an integrated ecological and socio-political DPSIR analysis. 
Ecological Modelling 295: 188-195. 

Thorburn, C. 2013. Empire strikes back: The making and unmaking of Indonesia's national Integrated 
Pest Management program. Agroecology and Sustainable Food Systems 38: 3-24. 

Watanabe, T., M. Matsumura, and A. Otuka. 2009. Recent occurrences of long-distance migratory 
planthoppers and factors causing outbreaks in Japan, pp. 179—190. Jn Heong, K. L. and B. Hardy (eds.), 
Planthoppers: New threats to the sustainability of intensive rice production systems in Asia. 
International Rice Research Institute, Los Bafios, Philippines. 

Way, M. J., and K. L. Heong. 1994. The role of biodiversity in the dynamics and management of insect 
pests of tropical irrigated rice - A review. Bulletin of Entomological Research 84: 567—587. 

Zheng, X., Y. Lu, P. Zhu, F. C. Zhang, J. Tian, H. Xu, G. Chen, C. Nansen, and Z. Lu. 2017. Use of 
banker plant system for sustainable management of the most important insect pest in rice fields in 
China. Scientific Reports 7: 45581. 

Zhu, P. Y., G. M. Gurr, Z. X. Lu, K. L. Heong, G. H. Chen, X. S. Zheng, H. X. Xu, and Y. J. Yang. 
2013. Laboratory screening supports the selection of sesame (Sesamum indicum L.) to enhance 
Anagrus spp. parasitoids (Hymenoptera: Mymaridae) of rice planthoppers. Biological Control 64: 83— 
89. 


Taylor & Francis 
Taylor & Francis Group 


http://taylorandfrancis.com 


BRIEF OVERVIEW OF THE WORLD HEALTH 
ORGANIZATION *VECTOR CONTROL GLOBAL 
RESPONSE 2017-2030" AND *VECTOR CONTROL 
ADVISORY GROUP" ACTIVITIES 


R. VELAYUDHAN 


Coordinator Vector Ecology and Management, Department of Control of Neglected 
Tropical Diseases, World Health Organization, 20 Avenue Appia, CH-1211 Geneva 
27, Switzerland; VelayudhanR(a)who.int 


SUMMARY 


More than 80% of the world’s population is at risk of vector-borne disease and many of these diseases are 
concentrated in the poorest communities in tropical and subtropical regions; they cause unacceptable 
mortality and morbidity and impede economic growth. A new and comprehensive approach to preventing 
diseases and responding to outbreaks is clearly needed — one that engages multiple sectors and 
communities and is based on the best available evidence base. The 70th World Health Assembly adopted 
the strategic approach outlined in a new WHO Global Vector Control Response (GVCR) for 2017—2030. 
The response aims to reduce the burden and threat of vector-borne diseases through effective, locally 
adapted, and sustainable vector control. It is an approach for tackling multiple vectors and diseases that 
requires action across many sectors beyond health, including environment, urban planning, education, etc. 
The recent outbreaks of Aedes-borne diseases call for concerted action to deal with increased urbanization, 
erratic water supply, increased movement of people and commodities, altered land use patterns, and other 
environmental changes, including climatic changes that extend the distribution of vectors and pathogen 
transmission to more temperate climes. The GVCR provides a unique opportunity to work together and 
address the increasing burden of vector-borne diseases. This new approach is supported by the Vector 
Control Advisory Group (VCAG) that was established by WHO in 2013 in order to carry out independent 
evaluation of the public health value of innovative new tools, technologies and approaches for vector 
control and to enable WHO to provide evidence-based advice to Member States on whether their 
deployment and strategy is the most appropriate for their specific circumstances. 


Key Words: Vector-borne diseases, public health, emerging diseases, inter-sectoral collaboration, 
mosquitoes, strategic framework, integrated vector management (IVM), health education, Aedes, dengue, 
malaria, chikungunya, yellow fever, Zika, WHO 
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1. BACKGROUND 


Cognizant of recent major outbreaks of diseases such as dengue, malaria, 
chikungunya, yellow fever and Zika, as well as other emerging and persistently 
important diseases, Member States at the 139" executive board meeting of the World 
Health Organization (WHO) requested the director-general in May 2016 to devise an 
appropriate response. 

Development of the Global Vector Control Response 2017-2030 (GVCR) (WHO 
2017) commenced immediately through a fast-tracked broad consultative process 
that was co-led by three departments within the Communicable Diseases cluster: the 
Global Malaria Programme (GMP), the Department of Control of Neglected Tropical 
Diseases (NTD), and the Special Programme for Research and Training in Tropical 
Diseases (TDR). 

The strategic approach was welcomed one year later by Member States at the 70" 
World Health Assembly, and a dedicated resolution was adopted (WHA 2017). The 
GVCR (WHO 2017) and associated resolution (WHA 2017) set out a new strategy 
to strengthen vector control worldwide through increased capacity, improved 
surveillance, better coordination and integrated action across diseases and sectors. It 
aims to reduce the burden and threat of vector-borne diseases through effective, 
locally adapted and sustainable vector control, and to prevent epidemics by 2030 in 
line with the United Nations Sustainable Development Goal 3 (Good Health and 
Well-being). 


2. RATIONALE 


e Major vector-borne diseases account for an estimated 17% of the global burden of 
all infectious diseases, and disproportionately affect human populations in poor 
countries. 

e These diseases impede economic development through direct medical costs and 
indirect costs such as lost productivity and tourism. 

e Social, demographic and environmental factors have caused increases in many 
vector-borne diseases in recent years, with major outbreaks of dengue, malaria, 
chikungunya, yellow fever and Zika since 2014. 

e Most vector-borne diseases are preventable by various means, including vector 
control, if well implemented. Strong political commitment and improved 
investments have already led to major reductions in malaria, onchocerciasis and 
Chagas. 

e The full impact of vector control against other diseases has yet to be achieved, but 
it is possible through re-alignment of programmes to optimise delivery of 
interventions that are tailored to a local context. 

e This requires improved public health entomology capacity, a well-defined national 
research agenda, better coordination within and between sectors, strengthened 
monitoring systems, community involvement, and availability and use of more 
interventions with proven public health value. 
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3. NEED FOR A GLOBAL VECTOR CONTROL RESPONSE 


Never has the need for a comprehensive approach to vector control to counter the 
impact of vector-borne diseases been more urgent. The unprecedented global spread 
of dengue and chikungunya viruses, as well as outbreaks of Zika and yellow fever in 
2015-2016, clearly highlight the challenges faced by numerous countries. 
Transmission and risk of vector-borne diseases are rapidly changing due to 
unplanned urbanization, increased movement of people and goods, environmental 
changes and biological challenges, such as vectors populations becoming resistant to 
insecticides and evolving strains of pathogens. In particular, rapid, unplanned 
urbanization in tropical and sub-tropical areas renders large human populations at 
elevated risk of emergence and expansion of arboviral diseases spread by mosquitoes. 
Many countries are still unprepared to address these looming challenges (the current 
global distribution of seven major vector-borne diseases is shown in Fig. 1). 

The strong influence of social and environmental factors on vector-borne 
pathogen transmission underscores the critical importance of flexible vector control 
delivery and monitoring, as well as evaluation systems that support locally tailored 
approaches. Re-alignment of national programmes to optimize implementation of 
interventions against multiple vectors and diseases will maximize the impact of 
available resources. Health systems must be prepared to detect and respond quickly 
and effectively to changes. This rapid response requires not only the availability of 
effective, evidence-based control interventions, but also well-trained staff who can 
build sustainable systems for their area-wide delivery. To achieve these goals, 
reforms to vector control programmatic structures are urgently needed. 

Vector-borne diseases are everyone's problem, not just the health sector. 
Achievement of the United Nations Sustainable Development Goal 3 to ensure good 
health and well-being will rely on effective vector control, as will initiatives for clean 
water and sanitation (Goal 6), sustainable cities and communities (Goal 11) and 
climate action (Goal 13). Multiple approaches that are implemented by different 
sectors will be required for control and elimination of vector-borne disease, such as 
those promoting healthy environments (Pruss-Ustun et al. 2016). Engaging local 
authorities and communities as part of broad-based inter-sectoral collaboration will 
be key to improved vector control delivery, through tailoring of interventions to 
specific scenarios as informed by local entomological, epidemiological and 
ecological data. Building sustainable control programmes that are resilient in the face 
of technical, operational, climatic and financial challenges will require the 
engagement and collaboration of local communities. 

Recent advances to modernize and develop new vector control and surveillance 
tools means that there has never been a better time to reinvigorate vector control. To 
be effective, strong political commitment and long-term investment are needed. The 
GVCR response seeks neither to replace or override existing disease-specific 
strategies nor to shift the focus from other essential interventions, such as vaccines 
against yellow fever, Japanese encephalitis and tick-borne encephalitis, mass- 
administration of medicines against lymphatic filariasis and human onchocerciasis, 
and artemisinin-based combination therapy against malaria. Rather, it aims to add to 
these efforts and help countries mount coherent and coordinated efforts to address 
the increasing burden and threat of vector-borne diseases. 


Number of major vector-borne diseases 


Figure 1. Combined global distribution of seven major vector-borne diseases for which integration of vector control programmes may be 
beneficial: malaria, lymphatic filariasis, leishmaniasis, dengue, Japanese encephalitis, yellow fever and Chagas disease transmission in 
2015. Colours indicate the number of vector-borne diseases that pose a risk at each 5 x 5 km grid cell (from Golding et al. 2015). 
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The GVCR provides strategic guidance to countries and development partners to 
urgently strengthen vector control as a fundamental approach to preventing diseases 
and responding to outbreaks. To achieve this, re-alignment of vector control 
programmes is required, supported by increased technical capacity, strengthened 
monitoring and surveillance systems, and improved infrastructure. Ultimately, this 
will support implementation of a comprehensive approach to vector control that will 
enable the achievement of disease-specific national and global goals and contribute 
towards achievement of the United Nations Sustainable Development Goals. 


4. THE GLOBAL VECTOR CONTROL RESPONSE AT A GLANCE 


4.1. Vision 


A world free of human suffering from vector-borne diseases. 


4.2. Aim 


To reduce the burden and threat of vector-borne diseases through effective locally- 
adapted and sustainable vector control. 


4.3. Goals for 2020-2030 


The goals, including 2020-2030 milestones and targets, are presented in Table 1. 


Table 1. Goals for 2020-2030 on the global vector control response 


. T t 
Milestones cua 


2020 2025 2030 


Reduce mortality due to 
vector-borne diseases 
globally compared to 
2016 


At least 3096 At least 5096 At least 7596 


Reduce case incidence 
due to vector-borne 


diseases globally At least 2596 At least 4096 At least 6096 
compared to 2016 | 
In all countries 
Prevent epidemics of Withur Bok Iran . 
tortilla transmission in countries 
2016 


* Rapid detection of outbreaks and curtailment before spread beyond country or region 
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4.4. Priority Activities for 2017-2022 


For the period 2017-2022 the priority activities are as follows (they will be revised 
and updated for the subsequent period of 2023-2030): 

1. National and regional vector control strategic plans developed and adapted to 
align with the global vector control response. 

2. An assessment of national vector control needs carried out or updated, and a 
resource mobilization plan developed (including for outbreak response). 

3. National entomology and cross-sectoral workforce appraised and enhanced to 
meet identified requirements for vector control, including for epidemic response and 
pre-emptive response. 

4. Relevant staff from Ministries of Health and/or their supporting institutions 
trained in public health entomology and sustainable career pathway is established. 

5. National and regional institutional networks to share data and support training 
and education in public health entomology, and technical support established and 
functioning. 

6. National agendas for basic and applied research on entomology and vector 
control established and/or progress reviewed. 

7. National inter-ministerial task forces and steering committee for multi-sectoral 
engagement in vector control established and functioning. 

8. National vector surveillance systems strengthened and integrated with health 
information systems to guide vector control. Cross border exchange of information 
is encouraged. 

9. National plans for effective community engagement and mobilization in vector 
control developed. 

10. National targets for protection of at-risk populations with appropriate vector 
control aligned across vector-borne diseases. 


5. BEYOND INTEGRATED VECTOR MANAGEMENT 


Integrated vector management (IVM) is a rational decision-making process for the 
optimal use of resources for vector control, as presented in a WHO global strategic 
framework released in 2004, a WHO position statement issued in 2008, and other 
supporting documents (WHO 2004, 2008, 2016). 

While this approach seeks to improve the efficacy, cost-effectiveness, ecological 
soundness and sustainability of disease-vector control, uptake has been poor, due to 
insufficient political buy-in for reorientation of programmes to support a harmonized 
approach to vector control across diseases. This has largely been due to limited 
human capacity to advocate, plan and implement, as well as fragmented global and 
national architecture to support a multi-disease approach. 

Given the recent alarming increase in numerous vector-borne diseases and the 
serious threat posed to economic development, the GVCR response aims to 
reposition vector control as a key approach to prevent, manage, or eliminate vector- 
borne diseases. It builds on the basic concept of IVM with renewed focus on 
improved human capacity at national and sub-national levels, as well as strengthened 
infrastructure and systems, particularly in areas vulnerable to vector-borne disease 
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upsurges (e.g. sustainable development, access to potable water, waste management, 
home construction, community design, water supply and solid waste disposal). 

For sustainable impact in vector control, increased inter-sectorial and inter- 
disciplinary action is essential, linking efforts in environmental management, health 
education, and reorienting relevant government programmes around proactive 
strategies that will improve living conditions and control new and emerging threats. 
Critical attention is given in the GVCR to current opportunities available for 
leverage, as well as challenges that need to be addressed in order to enable effective 
and sustainable vector control with interventions that will work best for the 
specific/unique circumstances of each local situation. 


6. OPPORTUNITIES FOR GLOBAL VECTOR CONTROL RESPONSE 


Many opportunities exist to enhance the impact of vector control. The overall benefit 
of enhancing capacity and capability is a critical opportunity that is essential for a 
successful GVCR, will have a positive impact across diseases, and is essential for 
sustainability: 

1. Development. Environmentally sustainable and resilient development in urban 
centres (Habitat III 2016; UNECE 2014-2015) that reduces poverty and improves 
living standards will reduce transmission of vector-borne pathogens. 

2. Recognition. Existing global and regional strategies against vector-borne 
diseases demonstrate their importance in the global health agenda and in other 
sectors, and represent high-level commitment for their reduction, elimination and, for 
some, eradication. 

3. Expansion. Recent successes in vector control, such as against vectors of 
malaria, onchocerciasis and lymphatic filariasis, have led to major reductions in 
vector-borne diseases. Further impacts could be achieved through sustained and 
expanded use of proven vector control interventions. 

4. Optimization. Re-aligning national programmes to optimize implementation of 
vector control against multiple vectors and diseases, across geographic areas and 
human populations, will leverage available resources to maximum impact of IVM 
(Fig. 2). 

5. Collaboration. Building on existing collaborations across ministries, sectors, 
partners and networks to share data and expertise will improve timely access to 
information and resources for the most effective vector-borne disease control. 
Regional and cross-border collaboration further helps in tracking outbreaks and 
responding in a timely manner. 

6. Adaptation. The strong influence of social, demographic and environmental 
factors on vector-borne pathogen transmission underscores the critical importance of 
flexible vector control delivery, monitoring, and evaluation systems that support 
locally-tailored approaches that can be adapted to specific opportunities or 
challenges. 

7. Innovation. Development of novel tools, technologies and approaches such as 
new insecticides and formulations, vector traps and baits, use of Wolbachia spp. and 
genetic modification for population reduction or replacement, other forms of vector 
sterilisation, larviciding via auto-dissemination, endectocides, spatial repellents and 
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vapor active insecticides, and housing improvements to exclude vectors and reduce 
favourable harbourages have the potential to further reduce disease burden. 

8. Technology. Advances that support evidence-based vector control such as 
information communication technologies that support real-time data capture or social 
media, or risk stratification and predictive geo-informatics tools such as geographic 
information systems, remote sensing, and climatic models can be leveraged to further 
optimize planning and implementation. 


Effective locally adapted 
sustainable vector control 


Enabling factors 
Country 

Pillars of leadership 
Advocacy, 


resource 
mobilization and 
partner 
coordination 


Regulatory, 
policy and 
normative 
support 


4 


7. CHALLENGES OF GLOBAL VECTOR CONTROL RESPONSE 


Figure 2. Response framework from the Global Vector Control Response (WHO 
2017). 


While there are many opportunities to enhance the impact of vector control, there are 
also multiple interconnected challenges that impede progress against vector-borne 
diseases and that need to be overcome. Threats to effective and impactful vector 
control can be grouped as systemic, structural, informational, environmental, human 
movement, and political and financial. 

1. Systemic. Capacity for vector surveillance and control is insufficient in most 
countries at risk from vector-borne diseases. With a few notable exceptions, vector- 
borne disease prevention programmes at national and subnational levels have limited 
public health entomology capacity and poor infrastructure. Career structures for 
technical specialists and technicians within the health system are absent or weak. 
Establishing basic capacity provides enormous impact across multiple vector-borne 
diseases and sectors. 

2. Structural. Many countries that are endemic for more than one major vector- 
borne disease have disease-specific programmes and strategies that do not optimally 
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leverage synergies and sometimes compete for resources. Well-funded programmes 
— such as for malaria in some countries of sub-Saharan Africa — are often expected 
to respond to outbreaks of other vector-borne diseases without adequate capacity and 
additional resources at the expense of routine, core activities. 

3. Informational. The evidence base to support effective vector control is limited 
for most vector-borne diseases due to lack of research support. Vector surveillance 
remains weak in many countries despite insecticide resistance and changes in vector 
behaviour threatening the efficacy of current interventions. Available information is 
not used to its full potential to guide control interventions. 

4. Environmental. Changes in vector habitats such as those due to rapid 
urbanization or alterations in land use, water management and farming practices are 
often unpredictable, uncontrollable, and complex. Climatic changes that extend the 
distribution of vectors and pathogen transmission to more temperate climes are also 
of concern. With two thirds ofthe global population expected to live in urban settings 
by 2050 (United Nations 2014), large populations in tropical and subtropical zones 
will be at increasing risk of Aedes-borne diseases. 

5. Movement of humans and goods. Increased global human population 
movement due to changing travel patterns, migration for employment, or 
displacement resulting from humanitarian crises, as well as increased global trade are 
likely to accelerate the introduction of invasive species or pathogens into new 
receptive areas and expose non-immune populations to novel infections and disease. 

6. Political and financial. Substantial financial support has been provided to scale 
up of the use of insecticide-treated bed nets and indoor residual spraying against 
malaria vectors since 2000. However, there has been insufficient focus on scale-up 
and effective delivery of vector control for other vector-borne diseases, especially in 
the absence of either large epidemics or high mortality rates. 


8. THE GLOBAL VECTOR CONTROL RESPONSE IN SUMMARY 


The GVCR aims to reduce the burden and threat of vector-borne diseases through 
effective locally-adapted, sustainable, and inter-sectorial vector control. Success will 
depend on the ability of countries to overcome current limitations and to strengthen 
the capacity, financial resources and inter-sectorial collaboration of their vector 
surveillance and control programmes. The WHO will support the development of 
regional action plans and country activities based on GVCR strategies and priorities 
identified in the Country Cooperation Strategy (CCS) that guides WHO work in each 
country to support its national health strategy. 

The key areas of activity that intend to radically change the control of vector- 
borne diseases are: 

e Aligning action across sectors, since vector control is more than the work done by 
the Ministry of Health (MOH). The MOH has to coordinate work with other 
relevant ministries and with city planners to reduce or build out habitat of urban 
vectors (Aedes mosquitoes, rodents, etc.). 

e Engaging and mobilizing communities to become active partners in the GVCR, 

which will protect themselves and build resilience against future disease outbreaks 

(including the impact of climate change). 
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e Enhancing surveillance to trigger early responses to increased risk in disease or 
vector populations, and to identify when and why interventions are not working as 
expected. 

e Encouraging pre-emptive programmes that use surveillance data to reduce or 
eliminate the vectors wherever feasible, and 

e Scaling-up vector control tools (including the integration of new tools and 
innovative approaches) and using them in combination to maximize impact on 
disease, while minimizing impact on the environment. 

Specifically, the new integrated approach calls for national programmes to be 
realigned so that public health workers can focus on the complete spectrum of 
relevant vectors and thereby control all the diseases they cause. Recognizing that 
efforts must be adapted to local needs and sustained, the success of the response will 
depend on the ability of countries to strengthen their vector control programmes and 
enhance their inter-sectorial collaborations, including with sectors that are not 
currently part of “traditional” vector control. National strategic plans need to be 
revised and country-specific targets defined till 2030. All the relevant GVCR 
documents and related links can be downloaded from WHO (2017). 


9. VECTOR CONTROL ADVISORY GROUP 


In 2013 the WHO established a Vector Control Advisory Group (VCAQG) to assist 
WHO in assessing innovative approaches, new tools, and technologies for vector 
control, and to serve as an advisory body to WHO on new approaches of vector 
control for malaria and other vector-borne diseases. During the very early stages of 
innovation, scientists and developers of such new products or approaches can bring 
new ideas or new intervention concepts for feedback to the VCAG. 

If the product developers wish, VCAG can provide advice on the type and depth 
of evidence that will likely be used for the assessment, providing an opportunity for 
product developers to align with VCAG on overall evidence requirements before the 
launch of resource-intensive activities such as large-scale epidemiological trials 
(randomized control trials with epidemiological end-point). The advice will be 
provided in individual discussions between the product developers and the group at 
the VCAG meeting. It may cover, for instance, the needs concerning evidence of 
epidemiological and vector control outcomes, epidemiological mode of action, 
economic feasibility or user acceptability. To support its deliberations, VCAG may 
consider the initial results of tests and studies carried out by the product developers. 

The VCAG is jointly managed by the Global Malaria Programme (GMP), the 
Department of Control of Neglected Tropical Diseases (NTD), and the WHO 
Prequalification Team for the assessment of vector control products (VCAG 2019). 

In summary the VCAG objectives are: 

e To assess the public health value of new vector control tools, technologies and 
approaches submitted to WHO for evaluation. 

e To provide guidance to product developers on data requirements and study designs 
to generate the evidence required for a VCAG assessment. 
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e To provide guidance to WHO and its policy advisory groups, the MPAC (Malaria 
Policy Advisory Committee) and the STAG (Strategic and Technical Advisory 
Group for neglected tropical diseases), on the public health value of new tools, 
technologies and approaches. 

Once a relevant body of evidence has been presented to VCAG, which contains 
an indication of the epidemiological outcome of the new form of vector control, 
VCAG will review all available scientific evidence (which may also include available 
sources other than the data presented by the product developers). Based on this 
review, VCAG evaluates the public health value of the new intervention by 
answering questions such as: “Is this new intervention efficacious for some defined 
public health purpose (in disease prevention through vector control) and in some 
defined circumstances, and will it be useful to and feasible for its intended users?" 
The answer might in some instances requires additional evidence. 

The new approaches or products ongoing assessment or that are in planning and 
are currently under consideration by VGAC are shown in Fig. 3. 


World Healt! 
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Figure 3. New products or innovative approaches under consideration by the Vector Control 
Advisory Group (VCAG) of WHO. Further details on the VCAG can be found under VGAG 
(2019). IIT = Incompatible Insect Technique using Wolbachia; IR = insecticide resistant; 
IRS = indoor residual spraying; ITM = insecticide-treated material; ITN = insecticide- 
treated nets; N.A. =not applicable at present since it is yet to complete preliminary studies; 
SIT = Sterile Insect Technique. Step 3 refers to Phase 3 studies for assessing impact on the 
disease/infection or both. 
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As soon as the VCAG decides that the answer to this question is “yes”, and that 
proof-of-principle has indeed been established for the new form of vector control, 
responsibility within WHO for further review will pass to the advisory bodies MPAC 
and STAG for the WHO technical department(s) (e.g. Departments of Control of 
Neglected Tropical Diseases and Global Malaria Programme) responsible for the 
particular vector-borne disease(s) against which the new intervention is considered 
likely to be useful. 

Hence, after validating the value of the new form of vector control, VCAG will 
present its results to WHO for consideration and submission to MPAC and/or STAG 
in their respective meetings, expressing its opinion on the usefulness of the new 
intervention. 
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SUMMARY 


A rapidly expanding toolbox of techniques available for genome editing provides the basis for a new 
continuum in types of modifications that can be introduced into a genome and blur the bimodal GMO vs. 
non-GMO (genetically modified organism) divide. Site-directed nucleases (SDN) are now used to modify 
existing nucleotides within genomes instead of adding recombined DNA as transgenes. Moreover, new 
gene drive approaches are in development based on SDNs. A number of potential drive applications have 
been reported, but uncertainties in trait stability and limitations in knowledge of the affected system at 
various temporal and spatial levels slow down their current uses. Adoption of new genome targeted 
technology takes place in a social context. The context will vary between countries and cultures, expressed 
in values, ethics, politics and priorities — that are translated into different regulatory approaches. Some 
developed products using new genome editing techniques clearly fall under internationally negotiated 
regulations of GMOs. However, other product outcomes of editing techniques challenge our current 
understanding and definition of GMOs. There is an urgent need for further research, for building 
international consensus and harmonizing regulatory approaches to facilitate categorization, predictability, 
transparency, trust and trade. 


Key Words: Transgenesis, genetic engineering techniques, genetically modified organisms, GMOs, living 
modified organisms, site-directed nucleases, CRISPR, gene drive, insect, regulation, genome editing, 
modern biotechnology, recombinant DNA, stacked transgenes 


1. INTRODUCTION 
1.1. Current Genetic Techniques 


Established engineering techniques and transgenesis (see Table 1) have provided the 
basis for the range of genetically modified organisms (GMOs) available for 
commercial use today. GMOs or living modified organisms (LMOs) are any living 
organism that possesses a novel combination of genetic material obtained through the 
use of modern biotechnology (CBD 2000; FAO/IPPC 2017). The majority of these 
organisms are varieties of commodity crop plants grown in large-scale agriculture. 
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The globally most commonly used transgenes encode insecticidal properties and 
herbicide-tolerance. These traits have been obtained through molecular recombination 
in the laboratory of DNA from several unrelated species. Example of GM-insects 
reaching field-scale applications are genetically modified male mosquitoes (with a 
dominant lethal gene) that have been released in various parts of the world (Alphey 
2014; Evans et al. 2019) and diamondback moth in limited field releases in the USA 
(USDA 2017). 

The GMO technologies that have reached commercial/field stage applications are 
based on the introduction of additional DNA to obtain the desired traits. The transgene 
denotes the inserted recombined DNA, usually consisting of a protein-encoding 
sequence recombined with several regulatory sequences that ensure expression of a 
new trait in the engineered organism. Current transgene-enabled technologies and 
products are typically protected through intellectual property rights (IPR) and sold 
under contractual agreements. Confidentiality claims limit independent peer review 
and transparency (Nielsen 2013). Similar constraints can be expected for organisms 
produced by the new techniques. 

Established transgene delivery techniques, such as microinjection, particle gun 
and Agrobacterium-virulence, result in the random integration of the transgene in the 
genome of the modified host organisms. Newer commercial versions of plant GMOs 
are also typically “stacked”, i.e. harbour several new-trait encoding transgenes after 
conventional crossing of plants containing single transgenes/insertion events. 

The biological uncertainty caused by the technological opportunity to introduce 
recombined DNA from several unrelated species into an organism, the unpredictable 
random insertion of such DNA, the variable levels of containment of the resulting 
GMO, and the discourse around their cultural and ethical dimensions resulted in early 
developments of regulatory frameworks on a global scale. 

International definitions and regulatory frameworks of GMOs include the 
Convention on Biological Diversity's Cartagena Protocol on Biosafety (CBD 2000) 
and the World Health Organization/Food and Agriculture Organization of the United 
Nations (WHO/FAO) Codex Alimentarius (WHO/FAO 2009). At the national level, 
GMOs undergo volunteer or mandatory regulation and labelling, depending on the 
regulatory system in place in the respective country in which they are produced or 
imported. 


1.2. New Molecular Genetic Techniques 


The rapid development of new genetic techniques provides opportunities for editing 
existing DNA within genomes at specific locations. This is enabled through for 
instance the use of site-directed nucleases (SDN). Hence, genetic modifications at 
particular sites within a genome can be produced without necessarily adding 
exogenous genes from other organisms or species. The realization of this technology- 
enabled opportunity is currently limited by biological knowledge of relevant sites and 
nucleotide alterations that will produce organisms with desired phenotypes. 

In addition to the opportunities for limited editing within genomes, SDN can also 
be used to add recombinant DNA such as transgenes into genomes, but now with site- 
specificity. This is in contrast to the random insertions expected from traditional gene- 
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delivery techniques. The range of organisms that can be engineered with the new 
techniques remains somewhat limited to those amenable to traditional genetic 
modifications due to the need to engineer or produce germline cells with heritable 
traits. 

Besides SDN, other techniques have been developed to engineer genomes at 
specific sites (Häcker and Schetelig, this volume). When combined with broader 
conceptual approaches, they may be part of a larger strategy to genetically alter, brand 
and market a particular organism (Table 1). 


Table 1. Various genome-modification techniques, processes and conceptual approaches 


Base editing 


Gene drive 


Genome editing 


Grafting 


Intragenesis and 
cisgenesis 


Oligo-directed 
mutagenesis (ODM) 


Paratransgenesis? 


Recombined or 
recombinant DNA 


Reverse breeding 


RNA interference 


Synthetic organism* 


Transgenesis 


Changing single nucleotides at targeted sites in the genome with site- 
directed nucleases (SDN) 


Mechanism ensuring increase in a defined genotype in a population from 


one generation to the next 


| Introducing nucleotide substitutions, insertions, or deletions at targeted sites 


with SDN 


| Process of transplanting rootstock with GM material or vice versa 


| Production and content of organisms with all-native DNA (intragenesis) and 


in addition conserved structure of transferred gene (cisgenesis) 


| Transformation of a genome with short oligonucleotides to obtain site- 


specific base changes 


| The presence of e.g. GM-microorganisms in the gut of non-GM insects 


| DNA molecules formed by laboratory methods of genetic recombination to 


bring together genetic material from multiple sources, creating sequences 
that would not otherwise be found in the genome 


| Breeding strategy where intermediate organisms are GM but not the final 
organism 


Process where RNA molecules interfere with specific gene expression of 
the target organism by neutralizing targeted mRNA molecules 


| Denotes organisms produced through assembled DNA fragments 


(synthetically produced) or with extensively modified or transplanted 


genomes 


Describes the process of inserting recombined and most often unrelated 
DNA into a genome, usually at random sites. 


" See e.g. Lusser et al. 2011; EFSA 2012a, 2012b; ACRE 2013; AGES 2013; Eckerstorfer et al. 2014 
? Regulated also as microbial pesticides (see OECD 2004; Aguilera et al. 2011) 


* Concept relates mostly to microorganisms and industrial production systems 


Here I consider two approaches of particular interest for genetic alteration of insect 
genomes and populations. Firstly, the use of genome editing by SDN for the 
modification of individual insect genomes, and secondly, the use of gene drive 
mechanisms to make deliberate changes in the genetic composition of targeted insect 
populations. 
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2. GENOME EDITING 
2.1. Site-directed Nucleases 


Enzymes that degrade or generate breaks within a genome are called nucleases. A 
high number of nucleases are known, of which some have site-specificity. The best 
known are bacterial restriction enzymes whose discovery initiated the genetic 
engineering era. Additional types of SDN have more recently been described and 
further developed for genome engineering purposes; these include the CRISPR-Cas9 
system, transcription activator-like effector nucleases (TALEN), zinc finger nucleases 
(ZFN), and meganucleases. They all offer the opportunity to target genetic alterations 
to a particular site in the genome. However, they differ in how they recognize the 
target site, and how and how fast target site-specificity can be changed. 

Target site-specificity is due to particular protein motifs (TALEN, ZFN, 
meganucleases) or RNA sequences (CRISPR-Cas9). The CRISPR-Cas9 system is the 
most used due to the ease of targeting specific genomic locations by changing the 
nucleotide composition of the single guide RNA sequence (sgRNA of approx. 20 
bases) (Baker 2014; Hsu et al. 2014). Modifications made in the Cas protein has also 
improved site-specificity, as well as offering the choice between introducing double 
strand breaks at the target site, versus single-strand breaks and substitutions (Komor 
et al. 2016; Slaymaker et al. 2016). Due to the broad range of genetic outcomes 
produced (Hilscher et al. 2017) various names for the technique have been proposed 
including base, gene or genome editing, and gene targeting. 

Nevertheless, since the same SDN technique also can be used to produce larger 
insertions that clearly fall under current GMO regulations, the use of SDN is not as 
such indicative of a particular genetic outcome or regulatory pathway. Depending on 
the extent to which DNA is added in the genome editing process, three classes of 
outcomes have been described (EFSA 2012b): 

e Ifno new DNA is added in combination with the SDN, spontaneous repair of the 
double strand breaks in the genome can result in minor nucleotide changes, of 
which the desired one can be selected for. 

e If homologous DNA templates are added with the nucleases, homology-directed 
repair may result in specific minor nucleotide changes being introduced at the 
targeted site. 

e Iflarger DNA templates, with or without homologous flanking DNA, are provided 
with the nucleases, larger DNA fragments encoding several new traits can be 
inserted. 

The nuclease function itself in the engineering process can be delivered as proteins, 

or encoded by temporal DNA templates, or as part of the inserted DNA. 

The DNA repair of the strand breaks produced by the introduced SDN is necessary 
to obtain the desired genetic alterations. Several natural DNA repair mechanisms are 
known that deal with spontaneous errors occurring in the genome, such as strand 
breaks, including non-homologous end joining (NHEJ) of DNA strands and 
homologous recombination (HR) mediated mechanisms. 

The much-desired site-specificity of nucleases is limited by the occurrence of 
unique target sites (nucleotide compositions) in the genome and the extent the 
particular nuclease used has off-target activity and unintentionally cleaves at other 
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genomic sites with similar nucleotide compositions. The efficiency of DNA repair 
mechanisms may also vary between species. Whereas nucleases with higher site- 
specificity can be engineered, the biology and genetics of the targeted organisms are 
also important, including knowledge of relevant genetic variation and DNA repair 
mechanisms. In practical terms, there are also challenges to efficient gene delivery 
and regeneration systems, as well as chromosome copy number (ploidy), for stable 
alterations and inheritance. 


2.2. SDN in a Regulatory Context 


Products resulting from genetic techniques, such as SDN, challenge the suitability of 
the long-held bimodal division of organisms into GMO or non-GMO. A new 
continuum of product categories now arises because SDN-based engineering is used 
both in the absence of and in the presence of added DNA sequences. The possible 
outcomes therefore represent a continuum of engineered organisms with minor 
changes of existing DNA (e.g. removal of, changes in, or addition of a few 
nucleotides) to cases where extensive recombined DNA has been added into the 
genome. Thus, new organisms produced by SDN techniques may span from closely 
mimicking natural processes occurring through spontaneous mutations to those 
resembling GMOs produced through recombinant DNA and transgene-based genetic 
modifications (Podevin et al. 2012). Hence, in some cases the engineered organisms 
may pose similar biological uncertainties as traditional GMOs when considering the 
effects of the novel trait(s). In other cases, they are unlikely to be detectable without 
prior knowledge of the specific nucleotide change introduced. The European Food 
Safety Authority (EFSA 2012b) has therefore proposed three categories for 
organism/products produced by SDN techniques (Table 2). 


Table 2. Categories for organisms produced by site-directed nucleases (SDN) 


SDN-1: Contains site-specific random mutations or short deletions 


SDN-2: | Contains specific minor nucleotide changes produced by homologous recombination 
with an introduced DNA fragment with sequence similarity to the target site 


SDN-3: | Contains an introduced (often exogenous/recombinant) DNA fragment that was 
integrated via non-homologous end joining or homologous recombination 


While SDN-3 clearly falls within the current regulatory framework of GMOs as a 
recombinant DNA fragment is added to the genome in the process, the regulatory 
context of SDN-1 and SDN-2 based products remain to be clearly determined and 
harmonized across countries. Moreover, there is a clear need to develop a uniform 
taxonomy to ensure uncontested definitions, uniform communication, transparency, 
and regulatory clarity. 

Some major reports on genome editing, SDN and related techniques include 
European Food Safety Authority (EFSA) guidance (EFSA 2012a, 2012b; Eckerstorfer 
et al. 2014; Nutfield 2016). 
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Site-specific engineering undoubtedly offers increased precision and control ofthe 
engineering process. Thus, a reduction in the biological uncertainty arising from the 
engineering process itself is expected. Some process related uncertainty may 
nevertheless remain; for instance, from the variable consistency of the outcomes of 
the suite of related SDN techniques applied across laboratories, and on different 
genomes, species, regeneration systems, and traits. Thus, some of the uncertainty 
arising from the engineering process, that formed part of the rationale for the current 
regulation of GMOs, is not a priori absent from all products produced by SDN. 

Issues resembling those considered in the assessments of GMOs that may 
materialize in some applications of the new techniques are: 

1. Incorporation of recombined DNA from multiple/unrelated species 
. Co-integration of vector sequences used for technology delivery 
. Off-target cleavage causing random breaks and genome rearrangements 
. Modified/insertion sites containing new open reading frames 
. Variable expression and stability of intended traits 
. Available history of safe use of traits (e.g. in donor versus new recipient), and 

7. Effect of new trait on host biology. 

The relevance of the above issues must be assessed on a case-by-case basis. The 
broad utility of SDN-based engineering approaches has clearly contributed to the 
broader discourse on process versus product-triggered regulation (Sprink et al. 2016). 
The process-based approach is triggered in a regulatory context by the techniques 
used, and the product-based approach is triggered by the novelty of the product. 

In conclusion, SDN-based products may or may not resemble traditional GMOs 
and a globally harmonized approach has not yet been negotiated. A key issue is to 
reach a shared understanding of a process-based versus a product-based approach to 
risk and regulation. Risk assessment and regulation of SDN-based products that are 
not considered covered by current regulation of GMOs is currently done case-by-case 
at the national level. 


QN CA HU wn 


3. GENE DISPERSAL AT THE POPULATION LEVEL 
3.1. Self-sustaining Mechanisms for Gene Dispersal in Wild Populations 


Gene drive is a mechanism that increases a specific genotype from one generation to 
the next—by ensuring non-Mendelian inheritance of chromosomes during sexual 
reproduction. Gene drives are naturally occurring mechanisms that have been adapted 
for purposes of genetic engineering of wild populations. Noteworthy, the genetic 
engineering approach is deliberately developed to be self-sustaining, e.g. to ensure the 
spread of defined genetic material through a natural population in the environment— 
in sharp contrast to most other self-limiting genetic engineering approaches today that 
seek to document containment of the engineered trait in cultivated or domesticated 
species. 

New gene drive systems rely on the opportunities presented by SDN (CRISPR- 
Cas9) for the intentional spread of genes in wild populations (Esvelt et al. 2014 and 
references within). Gene drive systems today mostly remain at the idea/ 
developmental stage in which the potential usages of the technology in the field are 
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being explored. A key limitation for the broad uptake of gene drive systems include 
the extent the traits are sufficiently stable once present in wild populations (Callaway 
2017). 

It is noted that population control techniques such as the use of sterility (mainly 
induced by radiation) are not currently relying on gene drives. The Sterile Insect 
Technique (SIT) acts at the population scale, based on the systematic area-wide 
release of sterile insects that outcompete (in numbers) the fertile insects of the target 
pest population. The result being that the offspring is non-viable and the population 
declines. The SIT has been successfully employed for many decades and relies on 
radiation-based sterilisation (Dyck et al. 2021). 

More recently, inducible male sterility has been achieved by recombinant DNA 
and traditional genetic engineering that results in mosquitoes and agricultural pests 
regulated as GMOs (Alphey 2014; WHO 2014; USDA 2017). 


3.2. Gene Drive Systems in a Regulatory Context 


The comparative approach that has proven useful in framing the assessment of self- 
limiting GMOs may be of little utility to assess intentional spread of self-sustaining 
DNA in wild populations by gene drive systems. The environmental impact 
assessment of gene drive technology requires robust knowledge of the affected 
population's structure, size, behaviour, migration patterns, reproduction and 
generation time. Moreover, the assessment also rests on a robust knowledge of the 
population's interactions with other organisms at various trophic levels in the 
receiving environment (see for instance USDA 2017). Limited availability of data on 
these aspects often reduces the opportunities for data-driven risk assessments (see van 
Lenteren et al. 2006). 

It is currently not clear who is responsible for generating data that would allow a 
more in-depth understanding of wild populations targeted for gene drive approaches 
(e.g. agricultural or human health pests). It is also not fully clear how biological data 
collected at one location can be considered relevant for other areas. This will have an 
impact on the validity of risk assessment conclusions, that under situations of limited 
data, may partly rely on extrapolation between species, populations and environments. 
Trait stability is also a potential issue and resistance to an introduced gene drive 
mechanism in populations may develop (Callaway 2017). 

Finally, gene drives must be considered in a tempo-spatial context. The spatial 
component also includes knowledge of a drive's dissemination pattern over time, 
within and between populations, and the potential for cross-border migration of gene 
drive-modified organisms. 

Broad reviews of concepts and applications prior to release of GMOs with a gene 
drive system, as well as public discussions of technology that has the potential to 
affect the global commons, have been called for (Oye et al. 2014). An extensive report 
by the National Academy of Sciences of the USA (NAS 2016) concluded that there 
is insufficient evidence available to support the release of gene drive-modified 
organisms into the environment at this time. However, the report also acknowledges 
that gene drives have significant potential for basic and applied research, including 
implementing highly controlled field trials (NAS 2016). 
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In conclusion, current gene drive proposals are limited by uncertainties in the 
knowledge of the affected system and the target populations. Most new proposals rely 
on introducing self-limiting SDN-based transgenes and will fall under current GMO 
regulations. Many gene drive-modified organisms are yet at the exploratory stage and 
initial field releases will be regulated according to national GMO legislation. 


4. TECHNOLOGICAL DEVELOPMENTS IN CONTEXT 


Genome editing by SDN have been called a transformative and disruptive technology. 
The degree and speed of adoption of new technologies nevertheless takes place in a 
social context (Ishii and Araki 2017). That social context will vary between countries 
and include differences in values, ethics, politics and priorities. Differences in these 
variables translate into differences in regulation. Understanding drivers of 
technological innovation and broadly accepted frames for benefit-cost analyses is also 
of importance and may vary with culture and market opportunities. 

The social context also includes the role of expert and expert cultures, which 
defines valid concerns for risk assessment and how scientific uncertainty and 
knowledge gaps are addressed and communicated at various levels (Nielsen and Myhr 
2007). 

Furthermore, standards and principles for approaches to risk and uncertainty are 
negotiated at both the national and international levels. Currently, such approaches 
are usually limited to defined biological risks, and internationally harmonized 
approaches to the broader issues encompassed in benefit-cost analyses are not yet 
available. 

The broader issues include the ethical dimensions of importance for a broader 
societal acceptance. For instance, a clear understanding of how risk and benefits are 
or can be distributed among various stakeholders is needed (Nutfield 2016; ECNH 
2016). In this context, there are both calls for more proportionate treatment of risks in 
a process versus product-based perspective, as well as calls for the need of balancing 
the exposure of risks with the beneficiaries. 

In all cases, different types of uncertainty and how they are handled represent an 
integral component of the process of technology introductions. Procedures for 
transparency in the treatment and communication of risks identified in assessment 
have recently been proposed (EFSA 2017). Improved approaches to handling and 
communicating uncertainty may substantially improve transparency of processes and 
help further public trust in procedures. 

The way forward for the technological opportunities presented here will be found 
in the landscape of biological, regulatory and political uncertainty as shaped by further 
scientific advances, values, and culture. The level of public trust created through the 
framing of risk, engagement and transparency seems essential to optimize the non- 
linear trajectory between technological opportunity and adoption. 
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SUMMARY 


Biological control is one of the most environmentally safe and economically profitable pest management 
methods. Beneficial organisms used in biocontrol can be of native or exotic origin. As invasive species are 
being accidentally introduced at an ever-increasing rate, deliberate introductions of non-native biocontrol 
agents are often needed for the area-wide management of these invasive pests. However, recent regulations 
have delayed or prevented prospecting for new, non-native natural enemies. A first phase of regulation 
started in the 1980s and concerned the development of risk analyses for non-native species. At this time, as 
commercial biocontrol became popular and the number of species of biocontrol agents on the market 
quickly increased, many thought that risk analyses were needed to prevent non-experts importing and 
commercializing insufficiently studied organisms. However, implementation of (environmental) risk 
assessments for biocontrol agents has resulted in a slowdown in the use of new non-native natural enemies, 
and in higher project costs caused by the need to prepare elaborate application dossiers. These regulations 
were mainly aimed at preventing potential negative effects of releasing non-native biocontrol agents and, 
thus, in increasing confidence in this pest management method. The second phase of regulations started 
more recently and deals with the question "Who owns biological control agents?" At the Convention on 
Biological Diversity (CBD) in Rio de Janeiro (Brazil) in 1993, one of the three objectives formulated was 
"the fair and equitable sharing of the benefits arising out of the utilization of genetic resources". Biocontrol 
agents are such genetic resources. The Nagoya Protocol, a supplementary agreement to the CBD, provides 
a framework for the effective implementation of the fair and equitable sharing of benefits (i.e. the Access 
and Benefit Sharing (ABS) regulations) arising out of the utilization of genetic resources. Signatories of 
the Protocol are required to develop a legal framework to ensure access to genetic resources, benefit-sharing 
and compliance. Recent applications of CBD principles have already created barriers to collection and 
export of natural enemies for biocontrol research in several countries. If the Nagoya Protocol is widely 
applied, it may seriously interfere with searching for and application of biocontrol agents against invasive 
pests. Therefore, the International Organization for Biological Control (IOBC) first of all made an appeal 
to those involved in developing the legal framework for ABS, to design regulations that support the 
biocontrol sector by facilitating the exchange of biocontrol agents, including clear guidelines. Secondly, 
the IOBC also strongly recommended that biocontrol agents should be considered as a special case under 
the CBD, by creating a non-financial ABS regime, mainly because classical biocontrol is a non-for-profit 
activity, and both developing and developed countries benefit from the use of the same biocontrol agents. 
Thirdly, as prospecting for new non-native natural enemies has currently been suspended if not terminated 
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in many countries due to CBD and ABS procedures, the IOBC prepared a best practices guide to assist the 
biocontrol community to demonstrate due diligence in complying with ABS requirements. The best 
practices guide includes a draft ABS Agreement for collection and study of biocontrol agents that can be 
used for scientific research and non-commercial release into nature by countries having signed the Nagoya 
Protocol. If many countries decide to implement the IOBC proposal for an agreement for collection and 
study of natural enemies, biocontrol might face a bright future. 


Key Words: Biocontrol, pest management, beneficial organisms, invasive species, non-native natural 
enemies, risk assessment, Convention on Biological Diversity, International Organization for Biological 
Control, best practices guide for biological control 


1. INTRODUCTION 


Biological control (hereafter *biocontrol") — the use of an organism to reduce the 
population density of another organism — is one of the most environmentally safe and 
economically profitable pest management methods (Barratt et al. 2018). In biocontrol, 
parasitoids, predators, pathogens, herbivores and antagonists are used to reduce 
populations of pests, diseases and weeds (van Lenteren et al. 2018). These beneficial 
organisms can be native, but are also often non-native, particularly when the pest 
(defined by FAO (2017) as including diseases, weeds and animal pests) is of non- 
native origin. 

Invasive species are being introduced accidentally around the world at an 
increasing rate, caused by increasing travel, trade, and tourism, have led and will 
continue to result in the introduction of pests of foreign origin (Bacon et al. 2012; 
Seebens et al. 2017). In contrast, deliberate introductions of non-native biocontrol 
agents have resulted in permanent control of many pests, while having caused 
remarkably few problems (Cock et al. 2010). It is nowadays often required in 
biocontrol to perform a risk assessment for new agents prior to obtaining approval for 
introduction and release (van Lenteren et al. 2006). Until a few years ago, prospecting 
for new, non-native natural enemies after accidental introductions of non-native pests 
was possible, and usually occurred with the consent of the country where prospecting 
took place (Cock et al. 2010). 

The Access and Benefit Sharing (ABS) requirement of the Nagoya Protocol 
(SCBD 2011) has brought about an almost complete stop to natural enemy exploration 
programmes, whereas introduction of non-native pests is continuing, resulting in 
eradication projects with a frequent input of chemical pesticides causing negative 
effects on biodiversity, the environment and human health (Suckling et al., this 
volume). Although biocontrol researchers recognize the importance of a proper ABS 
procedure, the current state of affairs is highly bureaucratic and does not acknowledge 
the mutual benefits of biocontrol projects for countries providing and receiving 
beneficial organisms, projects that have been carried out for more than 100 years 
(Cock et al. 2010). 

Biocontrol does not fall under bioprospecting (“the search for plant and animal 
species from which medicinal drugs and other commercially valuable compounds can 
be obtained") or biopiracy (“bioprospecting without permission of the country that 
owns the genetic resources and which exploits plant and animal species by claiming 
patents to restrict their general use"). Bioprospecting and biopiracy are often 
concerned with products that can be protected with intellectual property rights in order 
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to generate monetary profits for companies (e.g. pharmaceuticals), which is not the 
case with beneficial organisms because they cannot be patented. Up until now, many 
biologists, including taxonomists and biocontrol practitioners, are still unaware of the 
implications of the Nagoya Protocol under the Convention on Biological Diversity 
(CBD) for their field of research. 

In this chapter, I will first summarize the achievements of biological control, then 
describe the first phase of regulations related to biocontrol, next explain the Nagoya 
Protocol and, finally, discuss the consequences of the Nagoya Protocol for the practice 
of biocontrol. 


2. ACHIEVEMENTS OF BIOLOGICAL CONTROL 


Biocontrol has been in use for at least 2000 years, but modern use started at the end 
of the 19" century (DeBach 1964; van Lenteren and Godfray 2005). Four different 
types of biological control are usually distinguished: natural, conservation, classical, 
and augmentative biocontrol (Cock et al. 2010): 

e Natural biocontrol is an ecosystem service (Millennium Ecosystem Assessment 
2005) whereby pest organisms are reduced by naturally occurring beneficial 
organisms. It occurs in all of the world’s ecosystems without any human 
intervention and is the greatest contribution of biocontrol to agriculture when 
expressed in economic terms (Waage and Greathead 1988; Cock et al. 2012). 

e Conservation biocontrol consists of human activities protecting and stimulating 
the performance of naturally occurring natural enemies. This form of biological 
control is currently receiving a lot of attention for pest control (Barratt et al. 2018; 
Heong et al. this volume). 

e Inclassical biocontrol (CBC), natural enemies are collected in the area of origin 
of the pest and then released in areas where the pest invaded, and when 
successfully established, results in area-wide and permanent pest control providing 
large economic benefits (Cock et al. 2010, 20162; Barratt et al. 2018). 

e Inaugmentative biocontrol (ABC), native or non-native natural enemies are mass- 
reared for repeated release in large numbers to obtain immediate control of pests, 
usually in seasonal crops (van Lenteren et al. 2018). 

For CBC, recent reviews provide detailed information about successes. Cock et 
al. (2010, 2016b) present achievements of CBC of insect pests with insect natural 
enemies. One of the many striking examples of how successful CBC can be is that of 
a scale pest, Icerya purchasi Maskell (Hemiptera: Monophlebidae). This citrus pest 
was accidentally introduced in the 1880s in California (USA). Chemical control was 
impossible and citrus production was expected to have to be terminated. However, 
entomologists identified the country of origin of the pest (Australia), collected its 
natural enemies, shipped them to California for release in citrus orchards. Within a 
few years the natural enemies, including the Vedalia beetle Rodolia cardinalis 
(Mulsant) (Coleoptera: Coccinellidae), spread over the citrus area and saved the citrus 
industry in California and later in many other scale-infested citrus areas. 
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The Rodolia beetle has already controlled the /cerya scale pest on citrus for more 
than 100 years in more than 50 countries without causing any negative side effect 
(Cock et al. 2010). Cock et al. (2010, 2016b) provide many other examples of 
successful CBC of arthropod pests, while Winston et al. (2014) and Shaw and Hatcher 
(2017) summarize numerous examples of CBC of weeds. 

By the end of 2010, 6158 introductions, using 2384 different species of natural 
enemies against 588 pest species had been made in 148 countries, of which 2007 (32.6 
%) led to establishment, and 620 (10.1 96) resulted in satisfactory control of 172 (29.3 
%) different pest species. The 10% success rate can be considered as very high, 
particularly when compared with chemical control where 1 out of 20 000 — 1 000 000 
candidate compounds may kill pest insects. Not only are the success rates in CBC 
impressive, but also the benefit-cost ratios are striking and in the order of 20:1—1000:1 
(Cock et al. 2010; Barratt et al. 2018). These high benefit-cost ratios can be explained 
by the fact that once a good natural enemy has been found, pest control is permanent, 
unless it is disrupted by use of chemical pesticides that kill the biocontrol agent. 

Cock et al. (2016b) mentioned that the number of CBC introductions has 
decreased each decade during the past 40 years. An important factor in the decrease 
during the past two decades is the development and implementation of the Nagoya 
Protocol (SCBD 2011). 

Van Lenteren et al. (2018) recently summarized successes of ABC, which has 
been applied for more than 120 years in several cropping systems and is now 
estimated to be used on 30 million ha worldwide. Today, ABC is applied in many 
areas of agriculture, such as fruit and vegetable crops, cereals, maize, cotton, 
sugarcane, soybeans, grapes and many greenhouse crops. Since the 1970s, ABC has 
moved from a cottage industry to professional research and production facilities, as a 
result of which many efficient agents have been identified, quality control protocols, 
mass production, shipment and release methods matured, and adequate guidance for 
farmers and extension agents has been developed (van Lenteren 2003; Ravensberg 
2011). 

About 350 species of invertebrate natural enemies, as well as 209 microbial strains 
from 94 different species are currently commercially produced (van Lenteren et al. 
2018). Recent successes of ABC with arthropod natural enemies include the virtually 
complete replacement of chemical insecticides by predators (mites and hemipterans) 
to control thrips and whiteflies on sweet peppers in greenhouses in Spain (Calvo et al. 
2012), and the use of hemipteran predators to control new invasive pests like the South 
American tomato moth Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) 
(Urbaneja et al. 2012). Another recent ABC success deals with the use of microbial 
control agents. The invasion of the cotton bollworm Helicoverpa armigera (Hübner) 
(Lepidoptera: Noctuidae) into Brazil in 2012 caused tremendous damage to corn, 
cotton, and soybeans, because insecticides were not effective due to pest resistance, 
or were simply not available. Emergency approvals of the entomopathogenic 
bacterium Bacillus thuringiensis Berliner (Bacilliaceae) and baculovirus products 
provided farmers with the only effective control method at the time (J. R. P. Parra, 
personal communication). 
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From 1900 to 1959 only exotic biocontrol agents were used in ABC in Europe. 
After 1960, the use of native biocontrol agents in ABC increased. Due to 
implementation of various regulations, and particularly as a result of the application 
of the Nagoya Protocol, prospecting for non-native natural enemies has practically 
come to a standstill and a very clear shift in use of native natural enemies has taken 
place since 2000 (Fig. 1). 
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Figure 1. Percentage of new native natural enemies introduced on the European market for 
augmentative biocontrol through time (in columns; zero between 1900-1959). Total 
introductions per period are given in numbers (based on tables and supplementary material 
in van Lenteren et al. 2018). 


3. FIRST PHASE OF REGULATION CONCERNING IMPORT AND 
RELEASE OF NATURAL ENEMIES 


During the first century of *modern" biocontrol (1880 — 1980) few regulations existed 
concerning risk associated to insect biocontrol agents. However, most researchers in 
this field of ecology were well aware of the risk of importing certain types of natural 
enemies, particularly those that showed polyphagous predation behaviour and were, 
thus, often not only eating pests, but also other organisms (Boller et al. 2006). 

In weed biocontrol this resulted in the so-called “centrifugal evaluation method” 
of potential biocontrol agents, whereby first species taxonomically closely related to 
the pest are tested and, if one or more of these are eaten by the herbivore, the next 
circle of related species is tested, and so on (Wapshere 1974). 
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Thorough risk analyses for natural enemies of arthropod pests were developed 
much later than for weed biocontrol, and pre-release environmental risk analyses for 
these natural enemies have only been applied since the 1980s. The reason might be 
that very few problems had been reported concerning negative effects of releases of 
non-native invertebrates for biological control (i.e. Follett and Duan 2000; Lynch et 
al. 2001). However, when ABC became popular in the 1980s and the number of 
species of biocontrol agents on the market quickly increased (see Fig. 2 in van 
Lenteren 2012), the need for pre-release environmental risk assessments for new 
natural enemies was realized, partly because non-experts also started to collect, import 
and release new biocontrol agents (Bigler et al. 2006). 

In 2006, 20 countries had already implemented regulations for the import and 
release of biocontrol agents and many other countries followed. Initially, the Food 
and Agriculture Organization of the United Nations (FAO) together with the Centre 
for Agriculture and Bioscience International (CABI) and the International 
Organization for Biological Control (IOBC 2019) designed a code of conduct for 
import and release of biocontrol agents, but this non-compulsory guideline did not 
contain methods for risk assessment (FAO 1996, 2005). Next, IOBC took the 
initiative to develop standard methods that could be applied to produce data for risk 
assessment, as well as developing risk assessment methods including practical 
guidance on how to measure and evaluate effects leading to conclusions about risks 
and benefits of biocontrol agents under consideration, which are described in Bigler 
et al. (2006), van Lenteren et al. (2006), and many other papers. 

The danger of current risk evaluations is that they only concentrate on possible 
negative effects caused by biocontrol agents, while not paying attention at the same 
time to: 

1. The socio-economic effects of the damage brought about by the pest 

2. The negative health and environmental effects produced by chemical pesticides, 
and 

3. The many potential benefits from biocontrol (van Lenteren and Loomans 2006; 
Heimpel and Cock 2018). 

Environmental risk assessments are now being used by a growing number of 
countries. Most risk assessments are characterized by the following general elements: 

1. Characterization of natural enemy, i.e. information about the taxonomic status 
of the agent and its biology. 

2. Human health risks, i.e. information about human health risks that is often much 
easier to obtain than for chemical pesticides, particularly for invertebrate natural 
enemies. 

3. Environmental risks, i.e. collection of information on the environmental risks is 
usually the most time consuming aspect of the risk assessment and consists, amongst 
other things, of information on potential for establishment in the country of 
introduction, the prey/host range of the natural enemy (including tests of unrelated, 
beneficial, and rare and culturally valued species), dispersal capacity, and potential 
direct and indirect non-target effects that might be caused in the country of 
introduction. As collection of information for this element is generally very costly, a 
stepwise procedure for evaluation has been proposed, in order to be able to quickly 
eliminate obviously risky species (see Fig. 3 in van Lenteren et al. 2006). 
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4. Efficacy, i.e. a very different approach is proposed to obtain information about 
efficacy as compared with the one usually followed for chemical pesticides. 
Biocontrol agents are almost without exception used in integrated pest management 
(IPM) programmes, and therefore the efficacy does not necessarily have to be in the 
order of 95-100%. Any significant reduction in pest numbers by the biocontrol agents 
contributes to the overall pest management, and, thus, it suffices to show that an 
efficacious natural enemy is capable of significantly reducing pest populations. 

The routine implementation of environmental risk assessments for biocontrol 
agents has resulted in a slowdown of newly marketed non-native ABC biocontrol 
agents (Figs. 1 and 2) and introductions for CBC (Fig. 3). The preparation of elaborate 
application dossiers has also resulted in higher developmental costs, but it did not 
bring prospecting for new non-native species to an end. 
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Figure 2. Average number of newly marketed natural enemy species per year within a decade 
for augmentative biocontrol (based on tables and supplementary material in van Lenteren et 
al. 2018). 


The main problem in some parts of the world is a lack of harmonization of 
regulations. In Europe, for example, some countries apply no regulations at all, while 
in other countries they vary from rather easy to extremely complicated, and in our 
experience, the less expertise a country has in the field of biocontrol, the longer the 
evaluation of new biocontrol agents takes due to over-regulation. 
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Still, many biocontrol specialists consider it fair that risks of releasing non-native 
organisms need to be evaluated prior to import, that careful evaluation of risk and 
benefits will maintain or strengthen the excellent reputation of this sustainable and 
environment-friendly form of pest management and, that it in the end will result in 
even more confidence in biocontrol. 

The dramatic decline in newly marketed natural enemies since 2000 is not the 
result of a decrease in the sale of biocontrol agents or of the area on which the agents 
are applied. On the contrary, the ABC market showed an annual increase of sales of 


10% until 2005 and more than 15% per year since 2005 (Dunham 2015). 

Fig. 3 shows the average number of natural enemy introductions per year within a 
certain decade for CBC. Cock et al. 2016b described an introduction as a unique 
combination of a biocontrol agent, target country and first year of introduction. 
Introduction of a certain species of natural enemy into five different countries is thus 
considered as five introductions. Since the start of CBC in the 1880s, a steady increase 
in number of introductions can be observed, with two periods showing lower numbers 
of introductions due to WWI and II. 
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Figure 3. Average number of natural enemy introductions per year within a decade for 
classical biocontrol (based on Figure 1 in Cock et al. 2016b and data provided by M. Cock). 


Then, starting in the 1980s the number of introductions decreases. According to 
Cock et al. 2016b this was caused by a growing risk-averse culture in many countries, 
which resulted in the need for more in-depth studies for non-target and environmental 
impact, and more recently, by the application of principles resulting from the 
Convention on Biological Diversity, which are discussed in the next Section. 
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4. SECOND PHASE OF REGULATIONS CONCERNING ACCESS AND 
BENEFIT SHARING 


The first phase of regulations was aimed at improving biocontrol, preventing potential 
negative effects, and increasing confidence. The second phase of regulations has 
nothing to do with the science of biocontrol, but deals with the question “Who owns 
biological control agents?" This Section is based on recent papers written by Cock et 
al. (2010), Mason et al. (2018), as well as discussions among members of IOBC 
Global Commission on Access and Benefit Sharing (ABS 2019). 

At the Rio CBD (CBD 1993) three objectives were formulated: conservation of 
biological diversity, sustainable use of its components, and fair and equitable sharing 
of the benefits arising from the utilization of genetic resources. The CBD is an 
international framework convention, and its provisions are binding for its contracting 
parties. However, the CBD cannot prescribe how decisions are to be implemented by 
the parties since different countries have different legal structures. Countries have 
sovereign rights over their biological resources, and agreements governing the access 
to these resources and the sharing of the benefits arising from them should be 
established and agreed between the parties involved. 

In 2002, the Conference of Parties (COP) to the CBD adopted the ‘Bonn 
Guidelines on Access to Genetic Resources and Fair and Equitable Sharing of 
Benefits Arising out of their Utilization - Decision VI/24’ (SCBD 2002). Genetic 
resources are defined as genetic material, i.e. material containing functional units of 
heredity that is of actual or potential value (CBD Art. 2), so this includes all biocontrol 
agents taken from one country (provider) to another (recipient) (Cock et al. 2010). 
The value of the genetic resources need not be commercial (i.e. monetary) but may be 
scientific or academic in nature. As the CBD definition also includes the potential 
value of such resources, in effect all genetic material falls under the provisions of the 
ABS system (Cock et al. 2010). 

The Nagoya Protocol came into force in October 2014 and is a supplementary 
agreement to the CBD that provides a framework for the effective implementation of 
the fair and equitable sharing of benefits arising from the utilization of genetic 
resources (SCBD 2011). Signatories and countries acceding to the Nagoya Protocol 
are required to develop a legal framework to ensure access to genetic resources, 
benefit-sharing and compliance. The biocontrol community needs to comply with 
ABS regulations arising under the Nagoya Protocol (Mason et al. 2018). The ABS is 
a potentially serious threat to the use of biocontrol for two important reasons: 

1) the necessity of agreements governing access to genetic resources, and 

2) sharing of benefits arising from their use between the parties involved. 

Recent applications of CBD principles have already created barriers to collect and 
export natural enemies for biocontrol research and application in several countries. If 
the Nagoya Protocol is widely applied, it may seriously interfere with searching for 
and application of biocontrol agents against invasive pests. Therefore, the IOBC 
Global Commission on Biological Control and Access and Benefit Sharing first of all 
made an appeal for ABS regulations that support the biocontrol sector by facilitating 
the exchange of biocontrol agents, including clear guidelines (ABS 2019). These 
guidelines should also include fast track procedures for finding and applying 
biocontrol agents in case of humanitarian or emergency situations, such as after 
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unintentional export of an invasive pest to a new area. The IOBC Commission also 
strongly recommended that biocontrol agents should be considered as a special case 
with respect to an ABS regime under the CBD (Cock et al. 2010) by creating a non- 
financial ABS regime for classical biocontrol, as countries providing biocontrol 
agents are also users of the technology, in view that: 

1) biocontrol is widely used in both developing and developed countries often with 
the same biocontrol agents, 

2) biocontrol agents cannot be patented, 

3) collected information about biocontrol agents 1s shared publicly, 

4) indigenous/traditional knowledge has not been relevant, and 

5) the social benefits of biocontrol (such as increase of environmental and public 
health, reduction in pesticide use and costs of crop production), are a public good 
(Cock et al. 2010). 

As prospecting for new non-native natural enemies has currently been suspended, 
if not terminated due to CBD and ABS procedures (or lack of procedures) in many 
countries, the IOBC Commission prepared a best practices guide to assist the 
biocontrol community to demonstrate due diligence in complying with ABS 
requirements, which should include the following components outlined in Mason et 
al. (2018): (1) collaborations to facilitate information exchange about what biocontrol 
agents are available and where they may be obtained, (2) knowledge sharing through 
freely available databases that document successes (and failures), (3) cooperative 
research to develop capacity in source countries, and (4) transfer of production 
technology to provide opportunities for small-scale economic activity. 

Within the IOBC best practice guide for exchange of biocontrol genetic resources, 
the section concerning gaining access to biocontrol agents is of particular importance, 
and the IOBC Commission designed a draft ABS agreement for collection and study 
of biocontrol agents that can be used for scientific research and non-commercial 
release into nature by countries having signed the Nagoya Protocol. The IOBC 
Commission also proposed conditions under which biocontrol agents can be provided 
or should not be provided for countries where ABS regulations are not restrictive or 
do not exist. Details of the draft IOBC ABS agreement and the conditions can be 
found in Appendix 1 and 2 in Mason et al. (2018). 

The purpose of the agreement is to set out the conditions for the use of naturally 
occurring biocontrol agent genetic resources, any associated traditional knowledge 
(TK), and the sharing of resulting benefits between the parties concerned in 
accordance with the CBD. The agreement is designed to promote non-commercial 
activities, such as research in taxonomy, ecology, and genetics, and to foster 
conservation and the environmentally sound and sustainable use of biocontrol agents. 
The objective of the agreement is to provide a sound basis for cooperation, 
transparency, communication and trust between the parties, taking into account the 
concerns of both providers and users of biocontrol agents. The agreement is based on 
prior informed consent and mutually agreed terms issued beforehand by the provider 
to the user for the access to the biocontrol agents, and specifies the terms for access 
to biocontrol agents, their utilization, their possible transfer to third parties and for 
sharing the benefits resulting from their utilization. 
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The IOBC will use this document to negotiate the design of regulations that 
support the biocontrol sector by facilitating the exchange of biocontrol agents with 
CBD, and encourages those involved in the practice of biocontrol to follow the IOBC 
best practice guide for exchange of biocontrol genetic resources as published in 
Mason et al. (2018). 


5. THE FUTURE OF BIOLOGICAL CONTROL IN LIGHT OF THESE 
REGULATIONS 


As explained above, the first phase of regulations was mainly aimed at preventing 
potential negative effects of release of non-native biocontrol agents and, thus, in 
increasing confidence in this pest management method. These first phase regulations 
have led to slower development of and higher costs to implement programmes that 
use new biocontrol agents, as well as a change in biocontrol approaches by first 
evaluating native natural enemies when a new pest arrives. 

The second phase of regulation relates to implementation of the Nagoya Protocol 
and is having a much more drastic effect on the science of biocontrol. Although some 
countries have declined to place restrictions on access to their genetic resources for 
non-commercial research, including biological control, others have enacted 
legislation. However, many countries have yet to enact legislation and set up 
regulatory bodies, so that procedures are not in place to make decisions. 

Prospecting for new natural enemies has been greatly reduced, biocontrol 
researchers risk imprisonment in some countries when collecting species, and the 
bureaucratic procedures to establish an ABS agreement are so unclear and time- 
consuming that none has been realized to date. This is a very unwelcome development 
for both developing and developed countries because a clean, safe and sustainable 
form of pest management may be replaced by environmentally polluting and health 
threatening chemical pesticides. 

Moreover, the current state of affairs concerning ABS are creating serious risks 
when accidentally exported pests, disease and weeds invade new regions in the world, 
because their naturally occurring biocontrol agents in their country of origin can no 
longer be studied, imported and released in recently invaded areas. 

Hopefully the IOBC proposal for an agreement for collection and study of 
biocontrol agents will be embraced and implemented by biocontrol scientists in many 
countries as well as by CBD, and soon result in renewed activities in both classical 
and augmentative biocontrol based on exchange of non-native biocontrol agents. 
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SUMMARY 


The area-wide management (AWM) of highly mobile insect pests such as tephritid fruit flies requires an 
integrated understanding of technical, social and institutional processes that drive a coordinated approach 
within a defined area. Furthermore, the success of an AWM programme is dependent upon the coordinated 
efforts of key stakeholders within the designated area (e.g. growers, community members). Yet, public 
views regarding AWM may not reflect those views held by scientists or stakeholders. Public considerations 
for acceptance are likely varied and multidimensional. A series of qualitative (phases 1-2) and quantitative 
(phase 3) studies examined stakeholder and community attitudes towards AWM to manage Queensland 
fruit fly Bactrocera tryoni (Froggatt) (Tephritidae) and the novel use of the Sterile Insect Technique (SIT) 
as a possible component of AWM. Research was conducted over three regions of varying pest prevalence, 
ranging from zero to endemic; participants included growers, extension officers, industry and government 
representatives, and members of the general public. Participants in this research were asked to consider 
potential barriers and facilitators to the widespread uptake of AWM integrating the SIT, including any 
relevant institutional-level factors. Combined data revealed potential social barriers to AWM and SIT 
uptake. Most notably, there were perceptions of low efficacy in successfully coordinating key social groups 
for the purposes of an AW-IPM approach, and a concern for the possibility of ‘free-riders’ within an area- 
wide system. On the other hand, innovation complexity and observability of outcomes were important 
factors contributing to acceptance of AWM. Importantly, all participants were influenced by the attitudes 
and behaviours of important others. Participants also identified key facilitators that could assist in the 
uptake of AWM using the SIT. These facilitators include the importance of trustworthy information sources 
and harnessing the persuasive influence of community champions and central packing houses on 
commercial growers. Overall, there was high stated acceptance for the SIT, both on-farm and in towns, as 
long as SIT application was found to be economically feasible at individual farm or household level and 
the community was adequately consulted. 
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1. INTRODUCTION 


The area-wide management (AWM ) of mobile insect pests such as tephritid fruit flies 
requires a multidimensional integrated understanding of technical, social and 
institutional processes that drive a coordinated approach within a defined area. Such 
management of agricultural pests is dependent upon the success and efficacy of the 
technical treatments associated with control, as well as the social environment within 
which the management takes place. Indeed, the central tenet of AWM is coordination 
amongst all relevant stakeholders. This inherently implies an element of social 
interaction to achieve effective pest management over a region. In the AWM context, 
people with varying interests must come together for a common goal. Thus, there 
must be an understanding of the social and institutional mechanisms in place to enable 
the implementation of coordinated activities. 

This chapter focuses on a series of qualitative (phase 1-2) and quantitative 
(phase 3) studies examining stakeholder and community attitudes towards AWM to 
control Queensland fruit fly, Bactrocera tryoni (Froggatt), for the eventual integration 
of the Sterile Insect Technique (SIT) as a component of AWM. Through phases 1 and 
2 of this social science research, contextual barriers and facilitators of AWM — as 
perceived by farmers and members of the general public — were identified. Predictions 
could also be made with respect to underlying attitudinal drivers of acceptance of 
AWM and the integration of the SIT, and intentions to participate in an AWM 
approach, at the completion of phase 3. While AWM can take place without the 
integration of the SIT, the focus of this project was AWM for eventual SIT 
implementation. Therefore, the results are discussed in this context. 


1.1. Queensland Fruit Fly: A Significant Horticultural Pest 


Prior to European settlement of Australia, the Queensland fruit fly was considered 
endemic to the tropical and subtropical rainforests of north-eastern Australia (Meats 
1981; Reynolds and Orchard 2015). It has subsequently spread from this habitat and 
is now considered endemic in most of east-coast mainland Australia, including 
temperate areas, except where under regulatory control (Dominiak and Daniels 2012). 
In Queensland, B. tryoni occurs in high numbers year-round with 3-4 generations per 
year in the southern areas (Meats 1981). Meats (1981) believed that populations in 
temperate regions were transient, due to populations immigrating in each season but 
not establishing year-round. However, there is now clear evidence that the fly is 
permanently established in temperate eastern Australia (Dominiak and Daniels 2012; 
Reynolds and Orchard 2015; Agriculture Victoria 2017; Dominiak and Mapson 
2017). 

Many fruit industries in Australia are looking to increase exports in the future, 
which come with a concomitant need to be able to meet protocol requirements of 
trading partners, especially in crop monitoring and compliance. Achieving pest-free 
status and increased market access is important, but equally important is maintaining 


SOCIAL BARRIERS AND FACILITATORS TO AWM AND SIT UPTAKE 671 


current trade through effective control strategies. With a very large host range, more 
than three-quarters of Australian fruit and vegetable exports are susceptible to 
Queensland fruit fly (Clarke et al. 2014). Not surprisingly, therefore, this pest causes 
significant difficulties for producing clean fruit and developing market access. On 
average, the annual value of fruit fly susceptible production in Australia is over AUD 
5000 million (between 2006 and 2009) (Abdalla et al. 2012). Without fruit fly control, 
production losses due to B. tryoni have been estimated at 80-100% (Sutherst et al. 
2000) and even with available management efforts, estimates of production losses in 
endemic areas range from 0.5 to 3% annually depending on crop type (Abdalla et al. 
2012). Queensland fruit fly is also considered a significant barrier to market access 
for Australian horticultural products (Ekman 2015). Pest-free status provides 
producers within such declared regions a significant advantage; Tasmania, for 
example, exported nearly 50% of its total cherry yield to China, compared to less than 
1% from mainland Australia (CGA 2015). In order to export to either regulated 
domestic or international markets, producers in B. tryoni endemic areas must comply 
with specific requirements; protocols generally dictate a Probit 9 end-point 
phytosanitary treatment, such as cold storage or fumigation with methyl bromide. 
These treatments assume growers implement a level of pre-harvest and post-harvest 
control, both incurring costs (Lloyd et al. 2010). 

With the loss of regulatory fruit fly area-freedom in some parts of temperate 
eastern Australia (Agriculture Victoria 2017; Dominiak and Mapson 2017), and the 
regulatory loss of some chemical options for Queensland fruit fly (Dominiak and 
Ekman 2013; Florec et al. 2013), new control options for B. tryoni are needed. As 
AWM is an internationally recognised approach for mobile pests (Vreysen et al. 
20072), this seems a sensible approach to achieving effective control of Queensland 
fruit fly, while underpinning market access requirements. The application ofan AWM 
approach within any chosen region or area requires the integration of control tactics 
(Chandler et al. 1999; Suckling et al. 2014), as the use of a single management tool is 
deemed insufficient to suppress effectively mobile pests (Vargas et al. 2010). AWM 
should also be seen as a long-term undertaking, with long-term solutions (Hendrichs 
et al. 2007; Vander Meer et al. 2007; Vreysen et al. 2007a; Yu and Leung 2011; 
Ogaugwu 2014). B. tryoni control and surveillance tools currently available in 
Australia and being used in-field include: 

* Monitoring - assessing pest population trends through male pheromone traps 

* Bait spraying - a protein (usually yeast-based) and toxicant, targeting female flies 
that are attracted to the food bait 

* Male annihilation technique (MAT) - high density placement of a male attractant 
lure (cue-lure) and toxicant, targeting male flies (to be effective, MAT needs to 

"attract and kill" most males in a population) 

e Orchard sanitation - the systematic removal of fallen and infested fruit 
e Cover sprays - for some crops where registration allows, when pest pressure is 
high. 

The general consensus is that bait-spraying and MAT are complementary 
measures, while sanitation is an essential key component of many fruit fly pest 
management approaches (Dominiak et al. 2015; Stringer et al. 2017). The release of 
sterile male flies embedded into a well-managed AWM programme that integrates the 
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above control measures can be highly successful as shown in other parts of the world 
(Fisher et al. 1985; Fisher 1996; Enkerlin et al. 2005; Pereira et al. 2013), but has yet 
to be implemented on a large-scale in Australia. 


1.2. Methodological Approaches 


The methodological approaches chosen in this series of studies were complementary, 
where each phase built upon the previous phase: 

Phase 1 comprised one-on-one interviews with fruit growers and industry 
representatives. Participants were asked about their attitudes towards Queensland fruit 
fly as a personal threat, as well as a threat to the fruit-growing industry. 

Phase 2 was a series of focus groups with a wider range of "stakeholder" groups: 
frut growers and packers, government and industry representatives, extension 
officers, and the general public. The content of the focus groups was an extension of 
the interview phase and provided more in-depth examination of the issues raised 
during interviews. Participants explored possible motivations for participating in 
AWM activities, as well as offering potential scenarios for rules, regulations and 
AWM and SIT funding. General public perspectives were also incorporated at 
phase 2. 

Finally, phase 3 involved a broad-scale telephone survey of fruit growers and 
members ofthe general public. The purpose of the survey was to examine key factors, 
identified through the qualitative work, on a larger and more measurable scale. This 
was to determine the relative importance of different social and institutional factors 
on acceptance and intention around AWM and SIT implementation. However, the 
Issues discussed in this chapter are predominantly derived from phases 1 and 2 of our 
research survey programme, which are rich in contextual data. It is also important to 
note that the scale of our social research was an examination of manageable farmer- 
farmer or neighbour-neighbour coordination options. Given the extensive length and 
breadth of Australian horticultural landscapes, our phase 1 results indicated that it was 
not feasible to consider interpersonal social factors of AWM collaboration beyond 
that scale. 

This process of multi-method (quantitative and qualitative) data collection and 
analysis allowed an exploratory approach to identifying relevant social issues, without 
imposing any researcher bias on possible barriers or enablers that might be considered 
theoretically important. Therefore, a strength of this research is that the social factors 
covered within this chapter are participant-driven and derived from farmer and public 
perspectives. The associated theoretical underpinnings were chosen based on the 
emergent data, rather than preselecting a theoretical framework to analyse the social 
landscape. 


1.3. Regional Descriptions 


There were three study regions across south-eastern Australia, each of which is a 
dominant horticultural production area (see Fig. 1); however, the regions vary with 
respect to their ‘fruit fly status’. 
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Region A is now recognised as an endemic area for Queensland fruit fly. Although 
some parts of region A have pockets of land where levels of Queensland fruit fly are 
undetectable, the region as a whole is not considered pest-free. Region B is a regulated 
region with traditionally low Queensland fruit fly prevalence, now with a suspended 
pest-free status. This is due to many recent outbreaks and signs of early invasion in 
many parts of the region. 


| 
SOUTH \ 


AUSTRALIA 


NEW SOUTH WALES 
Region C 


Region B 


| VICTORIA Reglon A 
Ww | €——— —ÀÁ Kilometres | 
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Figure 1. Map of the three study regions targeted for social science research across south- 
eastern Australia: Regions A and B, both spanning New South Wales and Victoria; and 
Region C, on the South Australian border (source Andy Hulthen, CSIRO). 


Finally, region C is a recognised and regulated Queensland fruit fly free area in 
which any incursions are immediately eradicated by the relevant government 
authorities (as per International Standard for Phytosanitary Measures (ISPM) Number 
26 (FAO 2016)). Until only a few years ago all three regions were under regulatory 
area freedom (Dominiak and Mapson 2017). 

Potential institutional issues related to on-the-ground coordination for AWM in 
these three regions include regulatory boundaries such as local government areas, 
state borders, and other nationally recognised boundaries. Flies do not recognise or 
respect these geographic and administrative delineations that can complicate efforts 
to coordinate and fund AWM initiatives. Rules and regulations within jurisdictions, 
or a lack of legal authority (Hendrichs et al. 2007), can also frustrate AWM efforts. 
Differing organizational goals and rationales, such as those for private firms, 
government agencies and industry bodies, can further complicate coordinated action. 
Thus, getting the institutional arrangements “right” appears a crucial element to 
effective AWM. 


674 A. MANKAD ET AL. 


2. INSTITUTIONAL BARRIERS AND FACILITATORS FOR AWM 


AWM can be viewed as a pest management innovation that is social, organizational 
and logistical in nature, as much as it is technological. While it incorporates 
biophysical technologies as part of its integrated pest management approach, it 
fundamentally requires cooperation between parties across geographic space. These 
parties can be diverse, ranging from commercial growing enterprises, to hobby- 
farmers, local councils, government agencies, and the general public. Contribution 
and coordination of these diverse groups can also occur at different levels (e.g. local, 
state, and national industry bodies). 

AWM, theoretically, can also be implemented at different scales from activities 
organised at the local community level to regional and even national implementation 
programmes (Kruger 2017a, 2017b). Queensland fruit fly is reported to travel only a 
relatively short distance (compared to other mobile horticultural pests in Australia) in 
the presence of hosts and other resources (Dominiak 2012). This suggests grower-to- 
grower AWM for pest suppression would be effective at relatively small scales when 
growers are in close proximity and any adjoining non-commercial land was included 
in the programme (Barclay et al. 2011). Larger scale AWM initiatives for broader 
control may include the integration of multiple grower groups. This may include 
towns and settlements and their peri-urban fringes, and other host areas such as hobby- 
farms and nature reserves (Kruger 2016; Vreysen et al. 2007a). This may require 
government coordination. 

Psychosocial factors that influence participation and cooperation, such as attitude, 
motivation and trust, are clearly important for sustained collective action. However, 
there are also a range of institutional factors are also important for coordination 
(Mankad 2016; Mankad et al. 2017). Institutional factors refer to the various forms 
and levels of rules and rule-sets that guide human behaviour and the arrangements 
between participants in a social system (Hodgson 2006). Social systems can be 
viewed as being comprised of structures, including formal institutions (as the effect 
or manifestation of rules) and participants or agents (individuals and organizations), 
whose behaviour is influenced by these institutions (Giddens 1984). Thus, institutions 
are referred to as the ‘rules of the game’ and counter-posed to agents as the ‘players 
of the game' (North 1990). Rules are, of course, developed and enacted by people. 
Therefore, there is a dynamic relationship between institutions and actors (or social 
structures and agents) where rules influence the behaviour of actors, who at the same 
time are individually or collectively seeking to reshape the rules to meet their own 
particular goals (Giddens 1984; Hodgson 2007). 

Institutions comprise a broad range of rule types, from formal to informal, such as 
policies, laws, regulations, protocols, guidelines, procedures, standards, conventions 
and norms. These establish particular ways of behaving and organising. Institutional 
factors enable a broad range of programmes and initiatives, such as raising awareness 
and education campaigns; research, development and extension programmes and 
facilities; pest monitoring networks, exclusion zones and diagnostic facilities. 

This research identified a broad range of institutional factors that could potentially 
facilitate or constrain participation in AWM for Queensland fruit fly control. 
Typically, most of the constraints or barriers emerging from the research covered in 
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this chapter relate to a deficit of those factors cited as important for the facilitation of 

AWM. Notable institutional facilitators of AWM that were cited included: 

e Formal engagement of stakeholders and consistent communication by industry 
and government in raising awareness and knowledge building about Queensland 
fruit fly and AWM 

e Integration of efforts across stakeholder groups (growers, government, industry 
and the general public) 

e Cooperation within and between AWM groups and at higher levels of regional 
organization 

e Leadership and governance aspects important to galvanising, guiding and 
sustaining these various levels of collective action 

e Rules, regulation, legislation and enforcement required to achieve greater 
cooperation and compliance for broad pest suppression across multiple host areas 
and to raise funds to support AWM 

e The potential of greater access to premium (typically export) markets and the role 
that market access ‘protocols’ play in this. 

The following Sections provide some examples from three key areas that were 

identified as particularly important. 


2.1. Stakeholder Cooperation and Integration 


Cooperation between parties and integration of efforts is of crucial importance for 
AWM, whether at a local level (between neighbouring growers and other property 
managers), at a broader community level (between grower groups and a nearby town 
council/local government authority to suppress urban pest populations), or a whole- 
region level (involving multiple stakeholders representing industry, government and 
the general public to guide a regional approach). Cooperation at a local level is 
required mainly to ensure as many growers/property managers are controlling the fly 
as possible. Due to the often-close proximity of properties to one another, as a mobile 
pest, Queensland fruit fly can readily reinfest a *managed' farm from an adjoining 
‘unmanaged’ property. Coordinated timing of control operations is essential for area- 
wide suppression of a pest population, especially with regard to SIT application. 
Optimal conditions for SIT integration typically include an existing high level of 
sanitation and suppression, or low-level populations (Stringer et al. 2017), and 
avoiding insecticide spraying at the time of SIT releases to prevent destroying the 
sterile flies as they enter the environment. 

Participants in the qualitative studies indicated a strong awareness of the need for 
cooperation across growers and other property managers. They often expressed 
concern that a small number of uncooperative growers (e.g. apathetic or negative), 
those unable to cooperate (e.g. elderly or absentee owners), or those for whom the 
benefits may be limited (e.g. host produce is relatively unaffected by fruit fly), could 
undermine the success of their own efforts. Concern was also expressed by growers 
regarding cooperation by urban communities. Rural towns and their backyards were 
generally perceived as the greatest host risk of population build-up in endemic areas, 
providing a permanent supply of the pest to infect surrounding commercial growing 
areas (that were generally perceived as having lower levels of infestation). 
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Cooperation by the local government authority or ‘council’ was perceived as 
important to the success of an AWM initiative. Councils were considered the main 
route to organising pest management activities in towns. This was confirmed by 
participant responses from town residents, and members of councils themselves. 
Coordinated activities generally involved gaining the cooperation of residents 
(property owners and/or rental tenants) in agreeing to deploying traps and/or the 
removal of host fruit/trees in their garden. General public participants in this research 
further indicated a high willingness to cooperate with their local council in 
undertaking Queensland fruit fly control practices on their property. 

Stakeholder cooperation at a broader level was seen as important to guide and 
support a strategic approach to AWM at the regional level. This included the 
cooperation and integration of efforts of different fruit industries (citrus, stone fruit, 
grape, etc.), different industry segments (growers, fruit packing houses, industry 
associations, crop pest consultants and agricultural chemical suppliers), and different 
levels of government (federal, state and local). Cooperation was seen as essential to 
ensure a better integrated approach that provided a planned and strategic direction and 
consistency of messaging across the various stakeholder groups. This would ensure a 
common language and knowledge base, and thereby minimise confusion about what 
to do. A united approach at this higher stakeholder group level was also seen as 
important to gain more widespread action on the ground, at the grower level and 
amongst the general public, to minimise the incidence of untreated areas and ‘social 
loafing’, also referred to as ‘free-riding’. 


2.2. Education, Engagement, Communication 


The importance of education, engagement and communication comprised a prominent 
theme in the qualitative findings of this study. Interviews and focus group participants 
strongly indicated that building high regional awareness of the threat of Queensland 
fruit fly and a strong understanding about its control, including through AWM and 
SIT integration, would be crucial to their success. For this to occur, education, 
communication and engagement activitles were seen as paramount, especially using 
methods and forms of media likely to appeal to end-users. 

A broad variety of media and formats were suggested, including: information 
seminars that included both technical specialists and growers experienced in dealing 
with the pest; support/extension personnel who could visit the farmer/ property owner 
with advice; various forms of media (TV, radio, websites, local newspapers, industry 
newsletters and magazines, council information mail-outs, etc.); as well as more 
detailed or scientific fact-sheets and best-practice guidelines. A primary concern, as 
indicated above, was that the messages conveyed through these various sources were 
consistent and thereby reinforced one another. 

The quantitative survey sought to test the importance of knowledge and 
knowledge support (in the form of access to a technical or coordination support 
officer) with a much larger sample of growers and general public. Interestingly it 
found only a moderate level of influence on respondents' decisions to become 
involved in AWM (see also Section 3.4 in this chapter). Other factors were found to 
play a stronger role in decision-making, such as: perceptions of the level of threat 
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posed by Queensland fruit fly, fairness in the implementation of AWM, costs and 
benefits of AWM, and social norms around what was the morally responsible thing to 
do (these psychosocial factors are described in detail below). Nevertheless, overall, it 
appears that the building of awareness and knowledge around Queensland fruit fly 
and its control through AWM, including the SIT, was considered a highly important 
component of any broader strategy to deal with it. 


2.3. Rules, Regulation and Enforcement 


A range of issues were identified in the qualitative studies relating to rules and 
regulations. Most issues concerned new or enhanced regulation considered necessary 
to improve success in implementing AWM to control Queensland fruit fly, while 
some related to current laws or regulations seen as likely to impede success. The main 
types of issues for which additional rules and regulations were seen as required have 
included: 

e Ways to increase participation in AWM (e.g. mandating participation) 

e Control of the pest in areas that were unmanaged or poorly controlled (e.g. removal 

of fruit-trees from abandoned orchards and backyards) 

Mandating specific control practices (e.g. orchard sanitation, backyard traps) 

Implementation of funding mechanisms to support AWM and SIT implementation 

(e.g. compulsory levies, accreditation schemes) 

e Changes to market access protocols that would enable AWM and/or the SIT to be 
included. 

A range of expectations were expressed around activities to limit the introduction 
of flies from elsewhere, even in areas where it had been declared endemic. In those 
regions where Queensland fruit fly had been declared endemic and the Fruit Fly 
Exclusion Zone (FFEZ) recently dismantled, there were calls for its reintroduction. In 
region C, a regulated Queensland fruit fly-free area, calls were often made for the 
state government to ensure greater vigilance in inspections and/or fund additional 
routes where checkpoints should be implemented. 

Two main types of currently existing rules and regulations were considered an 
impediment to AWM. Privacy laws preventing release of data mapping the 
distribution and hot spots of Queensland fruit fly in a region were viewed as impeding 
timely control responses by growers. Also considered an impediment were laws 
preventing growers or members of the public removing host vegetation on public 
lands, such as fruit trees on roadsides adjoining commercial properties. 

A number of participants contended that currently existing laws and penalties 
needed to be better communicated or more rigorously monitored and enforced. In 
contrast, at a broader level some study participants contended that reliance on rules 
and regulations would be counter-productive and a more positive approach relying on 
communication, engagement and incentives would be more helpful. Participants also 
reported they would value pest density maps and location of hot spots if these were 
made available in a timely manner. They were seen of benefit for individual farm pest 
management and also to socially “pressure” others with pest problems to participate 
in management activities. 
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Maintaining a Queensland fruit fly monitoring network of requisite density and 
ensuring timely reporting could, however, be expensive, raising questions of who 
should pay. Further, this “name and shame" approach was also considered potentially 
counter-productive by putting negligent growers off-side, further reducing 
collaborative behaviour. 


3. SOCIAL-PSYCHOLOGICAL BARRIERS AND FACILITATORS FOR 
AWM AND THE SIT 


An individual-level analysis of social psychological factors contributing to potential 
uptake of AWM practices and acceptance ofthe SIT was also conducted. This analysis 
provided important insight into how people living and working under institutional 
arrangements, discussed in Section 2, felt about AWM and the inclusion of the SIT in 
it. Furthermore, it was important to gain some baseline understanding of stakeholders’ 
motivation to undertake AWM, possible factors affecting adherence to an AWM 
programme, and existing habitual on-farm behaviours for fruit fly management that 
would be affected by AWM. Overall, we found that being a farmer or a non-farmer 
was not an important driver of intentions to implement AWM or indeed accept the 
idea of AWM. Rather, it was the individual-level social psychological drivers that 
distinguished between different levels of acceptance of AWM and SIT integration, 
and intentions to implement AWM. Fig. 2 represents the varied individual factors that 
emerged from our research. Many of the highlighted social issues presented in this 
Section can be viewed as both barriers and facilitators to uptake of AWM, depending 
on the framing and messaging. A selection of dominant issues presented in Fig. 2 will 
be discussed here, and they will be described generally in terms of their influence on 
uptake of AWM and SIT. 


* Education, engagement, communication 
* Stakeholder cooperation and integration 
* Leadership & governance 

* Rules, regulation & enforcement 


* Perceived costs 

* Free-riders 

* Suitability/integration 

* Lack of motivation/apathy 

* Lack of knowledge 

* Lack of efficacy in ability to coordinate others 


* Perceived market access 

* Packing sheds as conduits of information 

* Community champions to increase awareness 
* Simplified scientific evidence from trustworthy 
sources 


* Social Norms 

* Financial situation 
* Past experiences 
* Stage of life 


Figure 2. Key social factors influencing uptake of area-wide management (AWM) integrating 
the Sterile Insect Technique (SIT), framed as social barriers, facilitators, institutional 
mechanisms and personal factors. 


SOCIAL BARRIERS AND FACILITATORS TO AWM AND SIT UPTAKE 679 


3.1. Perceived Costs 


The primary consideration for farmers taking part in our studies was the perceived 
cost of AWM and the SIT. Specifically, people were interested in how much it would 
financially cost them to change current practices to conform to recommended AWM 
behaviours (e.g. orchard sanitation and hygiene, baiting and trapping). But, more so 
than AWM, people were keen to know more about the financial viability of SIT 
implementation and whether this type of technology could be used at the individual 
grower level in a cost-effective way. There was also a consistent view amongst 
participants that if relative costs of the SIT were perceived as prohibitive, then the 
largest barrier to widespread involvement in AWM would be this perception that the 
SIT was unaffordable. 

Importantly, perceived costs of engaging in AWM did not only include monetary 
costs, but also personal costs such as time and effort. This was particularly evident for 
perceived costs associated with coordination efforts with neighbours, as part of 
AWM. Some participants believed that trying to coordinate growers across differing 
landscapes and production types would be difficult, if not impossible. The effort 
associated with organization, as well as the personal costs of potentially acting for the 
benefit of others, were thought to be difficult to overcome. This perception of 
response costs was found to be consistent across the three different regions, which did 
not significantly differ in their perceptions of anticipated costs associated with 
involvement in AWM. 

Past psychological research on perceived costs has shown that those who 
acknowledge both costs and benefits to change achieved better outcomes than those 
acknowledging only benefits or costs, or few costs and benefits (McEvoy and Nathan 
2007). Perceived costs can also be interpreted from the perspective of ‘sunk costs’, 
when one has already invested time and effort in developing on-farm habits, and 
financially invested in certain practices. A perception of costs within this framework 
could reflect how well a potential behaviour change (e.g. AWM) meets one’s goals 
and aspirations, without too much of a conflict (Gifford 2011). Our results suggest 
that if AWM activities are perceived as requiring very little behavioural adjustment 
on an individual level, and/or the end goals meet individual needs, then the perception 
of costs will be low. A lowered perception of cost is related to a higher intention to 
engage in novel behaviours (Rogers 1983). 

To cover the costs of an AWM with SIT programme, participants in our focus 
groups suggested a range of mechanisms: 

e Funding by government (federal, state and/or local — an approach that tended to 
be favoured by growers) 

e Various form of levies or hypothecated taxes (revenue from a specific tax ear- 
marked for this purpose) on fruit production or fruit properties, urban households, 
or fruit sold to consumers, or 

e A private user-pays model where fruit producers pay the entire cost. 

Interestingly, while general public participants commonly suggested industry / 

growers and various levels of government should pay, they also appeared quite willing 

to pay something themselves, typically nominating local council taxes or levies 
imposed on retail fruit or urban households (see Nelson et al., this volume). 


680 A. MANKAD ET AL. 


3.2. Compatibility of AWM with Existing On-farm Practices 


According to Rogers' (2003) diffusion of innovation theory, perceptions of 
compatibility with respect to an innovation will affect its adoption. The innovative 
practice tested in the present study, using diffusion of innovation principles as 
predictors, was AWM. Compatibility refers to how consistent the innovation is with 
the values, experiences and needs of the potential adopters. In the farming context, 
this also refers to how compatible AWM activities are with the existing on-farm 
practices. 

Perceived compatibility of AWM with existing farming practices emerged as a 
driver of AWM uptake through our qualitative study. Through stakeholder interviews, 
we found that participants were primarily concerned about the coordination aspect of 
AWM. Specifically, the concern was that engaging in coordinated pest management 
efforts would be difficult because of different harvesting times and spraying times for 
different production enterprises within a region. Some participants perceived a 
significant risk if one group of farmers were spraying to reduce numbers in 
preparation for SIT, when another group was at a different stage in their harvesting 
cycle and could not do the same. The perception of incompatibility was primarily 
focused on collaboratively preparing a farming region for the introduction of the SIT. 
There were queries as to whether SIT application would or could be compatible for a 
whole region, or whether it was more suited to smaller scale releases, such as 
individual farm scale. Another compatibility issue raised was the logistical strain of 
setting up a systematic monitoring grid, as well as removing unwanted and fallen fruit 
on a commercial farm. The latter activity was perceived to be an immense task in 
itself and potentially incompatible with existing resource allocations. 

Compatibility was also subsequently identified as an important driver for the 
prediction of public acceptance for AWM. Our quantitative research suggested that a 
key factor likely to influence community adoption of AWM practices was the 
expectation that AWM activities should complement rather than impede or 
complicate their current pest management behaviours. For farmers, this could mean 
capitalising on existing peer communication networks and sources of information to 
ensure coordination aspects of AWM are built into established social systems. It could 
also include more aggressive social cues, such as building up peer pressure at the 
community level to encourage farmers to remove infested and fallen fruit or sharing 
of monitoring data. For the general public, this may mean ensuring the messaging 
around AWM at the household level demonstrates an understanding of existing 
backyard habits, to mobilize the public so that hosts or fruit are effectively eliminated 
by all in a timely way along roads and in backyards. It could also mean acknowledging 
that the community is comprised of individuals with varying levels of interest and 
buy-in for AWM. Thus, compatibility would rest on AWM tasks that are presented as 
flexible, adaptable for those with different levels of intentions and willingness to 
participate, and new behaviours that are not perceived as an additional burden to 
household activities. 
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3.3. Free-riders and Fairness 


In a collaborative framework such as AWM, where the group benefits from shared 
action, there was an inherent concern for free-riders within the system. Certainly, 
much of the impetus driving social research in the context of an AWM scenario is a 
fear that a recalcitrant few could cause others to favour inaction in the name of 
fairness. The free-rider problem, at its core, is an economic problem describing those 
who benefit from goods, services or resources without contributing to payment 
(Baumol 1952). In the present study, we conceptualise the free-rider from a social 
psychological perspective. As such, ‘free-riding’ in this context comprises aspects of 
‘social loafing’ (a psychological term), fairness, and conditional participation. 
Therefore, one is perceived to be free-riding if one is choosing to willingly disengage 
from a shared system but will still retain the resultant benefits of the shared system. 

In psychological terms, the social loafing phenomenon describes a situation when 
an individual contributes less effort in a group setting, compared to when they work 
alone (Jackson and Harkins 1985; Karau and Williams 1993). In the context of AWM, 
that could be envisaged as a cluster of neighbouring growers working together to 
manage fruit flies. However, one grower in the middle of the region refuses to 
participate, whilst the others agree to implement coordinated activities. Consequently, 
the group coordinates and manages their pest management activities, while the lone 
grower in the middle refuses to implement any new practices because of different 
reasons. In such a scenario, the overall suppression of a pest will not be as strong 
compared to if all growers were participating in AWM. However, it is likely that the 
group will still work towards area-wide suppression even without the lone grower's 
involvement in the coordinated efforts of his/her neighbours. Thus, the lone grower is 
still likely to gain benefits from the collective efforts of the other growers, without 
exerting the same level of effort. This type of individualistic behaviour in the context 
of AWM can not only affect the success of managing a pest and coordination of 
efforts, but it can also be a deterrent for others to get involved. The importance of 
fairness 1n shared approaches such as AWM is paramount to its success. 

The idea of perceived fairness emerged from our qualitative work as a key 
requirement for encouraging stakeholders to get involved in AWM. In particular, 
participants felt that growers who were harvesting non-dominant host crops, which 
would be less susceptible to Queensland fruit fly, would be more likely to question 
the fairness of AWM. These indirect beneficiaries of an AWM approach would likely 
need convincing of how AWM ofthe fruit fly was fair to people like themselves, who 
would directly benefit less from area-wide suppression of this pest. It was clear that, 
from a social justice perspective, AWM would need to appear advantageous to all 
involved, not just those growers who were growing Queensland fruit fly host plants. 
There was also a clear concern that growers of non-dominant host plants would be 
more likely to ‘free-ride’ the system, because of a perception that they may have less 
to gain. 

While the qualitative research highlighted free-riding as a concern, our 
quantitative analysis helped to highlight the importance of fairness. Perceptions of 
fairness emerged as the single most dominant predictor of public acceptance for 
AWM. It was clear that acceptance for AWM amongst growers and members of the 
broader community were contingent upon how fair they believed AWM to be for 


682 A. MANKAD ET AL. 


everyone. In practical terms, this meant that no matter how simple or effective AWM 
might be, the strength of uptake may ultimately depend on all parties feeling as though 
AWM was a balanced approach. 


3.4. Knowledge 


Subjective or perceived knowledge (i.e. one's belief about personal knowledge on the 
subject matter), rather than actual knowledge, has been identified as a driver of 
protective action in the context of fear appeals (i.e. threats) in the psychological 
science literature (e.g. Martin et al. 2007; Nabi et al. 2008). Results from our present 
research found that the role of subjective knowledge could be examined more 
accurately by breaking it down into two: a) perceived knowledge of Queensland fruit 
fly, and b) knowledge of ways to manage this pest. Compared to members of the 
general public, growers had significantly greater knowledge of both Queensland fruit 
fly and technical methods of controlling Queensland fruit fly. However, subjective 
knowledge of Queensland fruit fly was moderate overall, and technical knowledge of 
control methods was low. 

Qualitative results indicated that growers believed that they were already carrying 
out AWM. However, it was clear that growers had an inconsistent understanding of 
what AWM was, particularly the key role of coordination in AWM. Most growers 
interviewed believed that AWM was the management of one's whole property area, 
rather than a coordinated effort across potentially multiple properties within a given 
area. Predictive analyses further demonstrated that technical knowledge of 
Queensland fruit fly control was a direct predictor of intentions to implement AWM. 
Thus, those who felt they knew more about existing ways to control Queensland fruit 
fly were more likely to engage with AWM. Interestingly, however, subjective 
knowledge of Queensland fruit fly alone was not a predictor of intention to implement 
AWM. 

An overall lack of knowledge of Queensland fruit fly amongst participants in our 
research may help to explain why perceived complexity of AWM was the second- 
most dominant predictor of acceptance for AWM (after fairness). This suggests that 
while people were happy to support the use of AWM as a way to manage fruit flies, 
the topic was an area in which they held limited knowledge. Thus, people indicated 
that they would respond more positively to uptake of AWM if the information was 
simple and personal involvement was not too demanding. 

Another motivational construct affected by knowledge and awareness is that of 
apathy. Stakeholders such as industry representatives, agronomists, and farmers, all 
felt that a significant problem in galvanising people within a region — whether farmers 
or the general public — was a perceived lack of understanding of the relevance of 
Queensland fruit fly control. Stakeholders felt there was a general lack of knowledge 
about how fruit fly contributed to horticultural and financial losses and a lack of 
market access. 
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3.5. Efficacy and Competence 


Self-efficacy, and the related concept of competence, have been found to be strong 
psychological drivers for behavioural action (Bandura 1977; Deci and Ryan 1995). 
The psychology literature describes self-efficacy as a belief in one's ability to 
accomplish a task. Self-efficacy can develop through observing modelled behaviour, 
feedback from others, and past experience or mastery of related behaviours. An 
important distinction to make, which will ultimately assist in the development of ways 
to promote self-efficacy on the ground, is that self-efficacy is not the same as self- 
confidence. The latter refers to a broader sense of personal esteem and general 
likelihood of succeeding; in comparison, self-efficacy is more specifically tied to 
one's ability to perform a task. Self-efficacy is therefore more closely linked with a 
perception of competence, however, the concepts remain distinct in psychological 
theories (e.g. Rodgers et al. 2014). Ryan and Deci (2000) have described perception 
of competence as a fundamental driver of human motivation. Perceptions of 
competence reflect a self-awareness of individual capabilities and one's ability to 
control a situation. Past psychological research has demonstrated that engagement in 
protective behaviours (e.g. AWM of a pest) is significantly linked with how 
efficacious — or, competent — one feels with respect to the required behaviours. 

In the present examination of public intentions to implement AWM, we measured 
self-efficacy towards carrying out behaviours recommended as part of an AWM 
approach. People were asked how easily they could carry out tasks such as removing 
unwanted fruit from trees and the ground, hanging out fruit fly traps, and coordinating 
with neighbours. We found that perceptions of self-efficacy related to these AWM 
activities were moderately high, but that self-efficacy was the strongest driver of 
intention to participate when taking into account other motivational factors such as 
knowledge of Queensland fruit fly and its management, severity and vulnerability of 
the problem, perception of response costs, and perceived effectiveness of AWM. 
People were most likely to engage in AWM if they felt they could do so successfully 
and competently. 

This finding, on the ground, translates to a developmental need amongst potential 
participants of AWM. That is, fulfilling a desire for people to feel competent in 
engaging with AWM tasks through training and by providing opportunities for 
experiential learning and mastery. It is generally understood that within a community 
or regional group, there are people with diverse physical capabilities and interests, 
particularly related to a niche topic such as Queensland fruit fly, or even the broader 
notion of pests in the garden. What is less understood is, fundamentally, that the need 
to feel competent or efficacious when carrying out tasks 1s a driver for all human 
behaviour. Therefore, encouraging people to participate in a potentially unfamiliar 
activity will require addressing this universal need to feel capable. 


3.6. Community Champions 


A strong finding in our social research was that farmers and members of the general 
public were putting their trust in *important others'. Important others are peers, family 
and friends whose opinions the individual trusts, or whose personal approval is 
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important. Important others can also be members of the community — whether that be 
the farming community or influential members of the public. They are seen as local 
leaders, championing local causes and effecting change. Our results highlighted that 
these key individuals within a community were often seen as thought leaders, who 
kept the community's best interests at the forefront. 

Amongst farmers, extension personnel such as agronomists were consistently 
identified as trusted sources of information. They were thought to be influential in 
positively changing on-farm practices and in providing practical support on the 
ground. In addition, the role of packing houses was also found to be valuable in 
conveying important information. Packing houses involved in packing and/or 
marketing fruit must also comply with export protocols. For domestic and 
international trade, packing houses undertake in-line inspections and are subject to 
audits. Therefore, the level of influence packing houses have on growers is substantial 
(Kruger 2016). Packing houses are familiar with compliance measures of good 
agricultural practices through international quality assurance schemes, such as Global 
G.A.P. or Freshcare, or the new Harmonised Australian Retailer Produce Scheme 
(HARPS 2017). Thus, packing houses could directly influence change in grower 
behaviours through their fruit acceptance requirements and standards. 

For the general public, a community champion was represented as their local 
government council rather than a specific individual or type of individual. In 
Australia, local councils often lead community-level initiatives for the direct benefit 
of the community. It was clear from our qualitative research that the general public 
expected the local council to lead Queensland fruit fly area-wide control efforts in 
their town and provide guidance to residents on what activities to do. Our results, 
therefore, provided a good example of how local groups could also champion 
community causes. 

Importantly, it was evident that community champions were a valuable conduit 
for information that might otherwise not get transmitted or distributed to some 
sections of society. For example, members of the target population, difficult to reach 
using traditional or mainstream communication strategies, may be more receptive to 
personal interactions for gaining information. The functionality of community 
champions in the context of AWM participation and SIT adoption was seen as 
important. Given their high level of trust within the community, it was possible that 
community champions could use their local influence to emphasise shared goals in 
the community, such as working towards a mutually beneficial outcome (e.g. 
economic growth or a cleaner environment). They could also serve as influential 
"messengers" for information or scientific evidence, and act as informal project 
managers for AWM. This could enable some sort of community-led ‘enforcement’ of 
AWM to ensure that actions to prevent/control fruit fly were being done on the 
ground. 

Community champions can also provide a vital social support role for those 
experiencing difficulty in carrying out AWM or those who are unsure of the impacts 
of Queensland fruit fly, AWM or SIT adoption on their livelihoods or lifestyles. 
Typically, those championing causes at the scale of AWM are not passive participants 
in the social process (Norris et al. 2008; Conrad and Hilchey 2011). Rather, they have 
carried out their own investigations of available information and have a level of 
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personal investment or buy-in for the ideals represented by the initiative. As a result, 
community champions are likely aware of local concerns and can support the change 
process through context-specific knowledge they have gained. 


3.7. Evidence 


The theme emerging from our data highlights the importance of contextual evidence 
of success using AWM and the SIT for Queensland fruit fly control. Both growers 
and members of the general public indicated that for wide-scale cooperation and buy- 
in such as that required for AWM with an SIT component, they would need strong 
scientific evidence. This indicates the public values not only evidence of the science, 
but also an expectation that the public has access to evidence in a ‘digestible’ format 
(Blackstock et al. 2010; Garforth et al. 2013). This could take the form of public 
events conveying scientific results or creating science communication materials that 
highlight the science behind programmes such as AWM and the use of the SIT. 

Experiential evidence was also an important factor for the acceptance of AWM as 
a pest control option, particularly for those living outside endemic areas. Growers 
stated they would be more likely to accept and participate in AWM if they could 
Observe, first-hand, the presence of Queensland fruit fly, the damage it could do, the 
economic evidence that it was a problem, and that AWM was effective in reducing 
fly numbers. Similarly, industry stakeholder indicated that they would react more 
quickly on encouraging participation in AWM and the SIT use if they had evidence 
of what it means for their grower base, on-ground actions, and market access. 

The SIT was also a technology that participants were unfamiliar with and while 
many growers and the general public believed it was an interesting idea in theory, 
they were clear that trusted and rigorous scientific evidence would be needed. 
Concerns remained around the notion that the SIT was safe, effective and worth the 
investment. It also appeared important for growers to see evidence that sterilisation 
works and that it is not a technique that is essentially still in trial stages. There was a 
fear that 1f the science is not correct, then growers may be used as unwilling guinea 
pigs on which to release untested sterile flies that may or may not be effective in 
controlling the wild fly population. 

Notably, while scientific and experiential evidence was cited as being important, 
the source of such evidence would likely also be a significant factor (Twyman et al. 
2008; Hernández-Jover et al. 2012). Therefore, any evidence communicated to the 
public would need to originate from trusted sources in order for evidence to serve as 
a facilitator for AWM and SIT adoption. 


4. THE ROLE OF THE SIT AS PART OF QUEENSLAND FRUIT FLY AWM 


Whilst the SIT has had a role in Queensland fruit fly outbreak responses for many 
years in south-eastern Australia (Reynolds et al. 2010), the SIT as a supplementary 
fruit fly management tool is a relatively novel concept for growers. Facts about the 
use of the SIT in managing Queensland fruit fly (e.g. increased efficacy under low 
pest prevalence conditions) are not well understood. However, the release of sterile 
male flies embedded into an AWM programme has proven to be highly successful 
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overseas for other flies (Enkerlin et al. 2005; Pereira et al. 2013), as well as in Western 
Australia (Fisher et al. 1985; Fisher 1996). 

The introduction of the SIT into AWM programmes for fruit fly suppression, 
containment or eradication is recommended for a number of reasons (Suckling et al. 
2016). Permalloo et al. (2005) and Dyck et al. (2021) both consider the SIT as a 
sustainable pest management practice, and Hendrichs et al. (2007) consider it an 
effective environment-friendly tool with the ability to eradicate pests when used 
within an AWM programme. The SIT is considered pest-specific and compatible with 
existing tools (Vargas et al. 2008; Dyck et al. 2021; Enkerlin 2021). 

McInnis et al. (2005) and Vargas et al. (2008) agree that male-only releases of the 
SIT is more effective than a bisexual line when using sterile flies; both for the mating 
ratio that is imposed, but also for the reduced risk of fruit damage by ovipositing 
female flies. McInnis et al. (2005) and Meats et al. (2003) suggest the sterile to wild 
fly ratio in trap catches can be effective in assessing the SIT, and McInnis et al. (2005) 
further posit that when sterile flies released are competitive, a sterile to wild fly ratio 
at 10:1 (in traps) shows effectiveness. This highlights the importance of a trapping 
network to monitor the distribution and abundance of both wild and sterile flies and 
the success of SIT programmes. 


4.1. Institutional Considerations 


The scope, scale and method of release of sterile flies will affect sterile fly quality and 

have implications for the management and governance arrangements for a SIT 

programme (Vreysen et al. 2007b). At the time of this study, details of these for the 

three study regions were limited, and a range of possibilities were canvassed in 

qualitative forums. Suggestions included: 

e Small-scale on-farm release by individual growers coordinating at some level with 
other growers in an AWM approach 

e AWM grower groups working together using farm vehicles or aircraft across a 
larger growing area 

e Urban only releases to suppress pest populations in towns, or 

e Broad-scale coverage of both commercial and urban areas, typically using aircraft. 

Each approach is likely to require a different management arrangement and 

governance consideration. 

Bottom-up approaches that rely on individual growers or AWM grower groups 
acting independently from a central authority, for example purchasing the sterile flies 
from a local supplier — much as they currently do for other Queensland fruit fly control 
techniques (bait spray, traps, chemical sprays, nets) — would, in principle, involve 
limited supervision. However, much experience with AWM with SIT programmes 
has shown they tend to be management intensive, requiring professionals dedicated 
to SIT implementation, and some form of central coordinating body (Vreysen et al. 
2007b), such as a regional Queensland fruit fly control coordinating committee. Tasks 
include gathering information to monitor SIT releases in the region and compare 
sterile and wild fly populations to assess programme effectiveness. 
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Broader-scale AWM and releases managed by a central authority, such as a 
regional coordinating committee, will require an even higher level of management. 
Vreysen et al. (2007b) pose seven questions that need to be addressed by managers of 
any AWM with SIT scheme: 

1. Is the programme management structure that includes full-time professionals 
sufficiently flexible and independent from the regional or federal government 
bureaucracy? 

2. Is there sufficient commitment by key stakeholders so that there is a high degree 
of continuity in implementation of all essential programme components? 

3. Are funding mechanisms established and available resources, manpower and 
institutional capacity sufficient in magnitude and quality to assure effective operations 
and sustainability of the programme? 

4. Does the programme have the support of all stakeholders and firm commitments 
from those who must bear costs or conduct relevant operations? 

5. Are essential high-quality data being collected and properly analysed in a timely 
manner to enable the programme management to provide feedback essential for 
corrective action by all key programme personnel? 

6. Is the public awareness and public education programme of sufficient quality to 
help shape attitudes and behaviours in support of programme success? 

7. Is the programme benefiting from timely and independent reviews? 

At a broader level, SIT integration raised questions among participants in this 

study about the need for modification of market access protocols when including the 
SIT as a control strategy. This was perceived as a long and arduous process, as each 
market access protocol is specific to each of the many different countries of 
destination, and often requires unique specifications for each type of fruit and 
vegetable. Any protocol changes must be centrally managed through the federal 
department of agriculture in consultation with state and territory governments, whose 
own legislation may need modifying to accommodate changes. Furthermore, the 
federal department of agriculture is typically negotiating many other pest and 
biosecurity priorities with each country. For these reasons it was felt by some that the 
SIT may be of limited value in opening up new market access, at least in the short 
term. 
Participants in our qualitative studies also raised questions on the implication of some 
aspects of SIT application that may present impediments to their acceptance by 
protocol markets. For example, increased fly counts in traps of monitoring grids, due 
to the trapping of sterile flies, would require willingness of protocol markets to accept 
assurances about distinctions with wild fly counts and count veracity. However, this 
perception may prove to be an unfounded fear, as many major horticultural exporting 
countries use the SIT extensively and presumably have found ways of addressing the 
Issue (e.g. Enkerlin et al. 2015; Enkerlin 2021). 


4.2. Social Acceptance 


The evidence from our programme of social research has indicated a high level of 
social acceptance for the notion of adopting the SIT as part of AWM. Growers 
consistently perceived the SIT as another potential tool in their toolbox for 
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suppressing or eradicating Queensland fruit fly. There was evidence that some 
growers were cautious in their assessment of the SIT, moderating personal 
expectations of the success of SIT application. These individuals cited that while the 
SIT sounded promising, their history with fruit fly showed them that there was no one 
answer to successfully controlling the pest. They correctly felt that the SIT could only 
be useful in conjunction with an AWM approach or other stringent control activities. 
Most growers felt that, other than cost, there would be no real barriers to the adoption 
ofthe SIT and pilot trials should begin. Associated with this was a sense of frustration 
amongst some growers, who believed that authorities *holding on' to the technology, 
without implementing it in the field, left growers waiting. Thus, it seems that there 
was a complex association with the idea of SIT application amongst growers. On the 
one hand, growers were not keen to be trial subjects for a technology that according 
to them wasn't ready (and lacked the scientific evidence for the efficacy that they 
demanded). Yet, on the other hand, they were keen to see SIT implemented quickly, 
although it was generally not understood by them that an effective AWM system 
needs first to be in place. 

An interesting result that emerged from our stakeholder interviews was a 
perception that the general public would be very accepting of the SIT. This was 
primarily driven by a belief that townspeople would not be unduly affected by the 
release of sterile flies, nor would they be involved in organising SIT releases. 
Therefore, there was nothing that townspeople could object to. The qualitative data 
were subsequently supported by our quantitative results, which indicated a high level 
of general acceptance for SIT integration amongst both growers and the general 
public. While general acceptance for SIT application was high overall, there were 
many questions about the sterile fly itself and, in particular, its sterility. However, 
these questions seemed to be driven by curiosity rather than a desire to question the 
legitimacy of the sterilisation technique. 

Finally, when stakeholders and growers were asked about implementing a SIT 
programme, many respondents felt as though there was no real need for consultation 
because it was a simple concept to explain. Growers in particular felt that the SIT 
would be readily accepted amongst their peers. This is because participants believed 
that growers were so desperate for a long-term solution to Queensland fruit fly that 
anything was better than nothing at this point. The general public, however, did 
indicate that while general perceptions of the SIT were positive, they had many 
questions. Therefore, it was clear that general public acceptance for SIT application 
was conditional upon having the appropriate level of knowledge to make an informed 
decision. 


5. CONCLUSIONS 


This social science research into acceptance of AWM with a SIT component was 
undertaken to measure drivers and barriers to uptake of both a management style in 
the form of AWM, as well as a novel technology such as the SIT for Queensland fruit 
fly control. Most growers held an inconsistent understanding of AWM and were not 
aware of the significant coordination of effort required for true AWM. In fact, most 
growers felt that because they were managing pests on their own farms, they were 
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effectively performing AWM. Overall, growers were willing to be involved in AWM 
as long as they felt competent to do so. Growers perceived a severe threat, and 
involvement in AWM was fair to everyone involved. Feelings of over-contributing 
with minimal benefits and a lack of cooperation, along with perceptions of financial 
costs, were seen to be potential barriers of uptake. Therefore, the crucial 
‘coordination’ aspect of AWM was considered a significant barrier to overcome, 
depending on the scale of coordination required. 

Aside from the involvement of growers, AWM in the regions examined within 
this study would also likely involve the participation of townspeople. Indeed, the 
survey results showed the general public were accepting AWM, as long as they were 
guided in the right direction and area-wide activities were simple. This perception of 
high general public interest was related to a belief that AWM in towns would require 
little investment at the individual level, such as time and cost. For example, simple 
backyard fruit fly traps could be subsidised by local government councils such that 
individual property owners would only contribute a nominal amount. In reality, this 
perception of a low level of engagement from householders may not be realistic and 
involvement in AWM may require greater effort than anticipated. 

Funding the costs of implementing AWM with the SIT, whether applied only in 
urban areas or additionally in surrounding commercial fruit growing areas, will also 
require serious thought. Funding into the future will be needed, in particular for 
education efforts, technical and coordination personnel, subsidisation of monitoring 
grids and traps in urban areas and, in the case of SIT, for the supply and application 
of sterile flies. Fortunately, our research results indicated participants were willing to 
entertain a range of potential funding mechanisms, including levies on urban 
households. 

Finally, the take-home message from our social research was that growers and the 
general public alike still need considerable education to have a realistic understanding 
of what AWM and SIT implementation entails. Fortunately, both participant groups 
were influenced by the behaviours of important others (1.e. social norms). If certain 
attitudes and behaviours were modelled for them, then growers and non-growers were 
likely to be more receptive to accepting AWM and SIT use, and also more likely to 
participate in the pest management approach. These findings were consistent across 
regions and social contexts, suggesting that the influence of social factors has the 
potential to contribute to an underlying understanding of drivers and barriers for 
AWM and SIT uptake. 
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SUMMARY 


Queensland fruit fly, Bactrocera tryoni (Froggatt) (Tephritidae), is one of Australia's most problematic and 
costly horticultural pests. As key insecticides traditionally used to manage the pest have recently been 
restricted, area-wide management (AWM) of Queensland fruit fly is becoming a key recommended 
practice. The increased push for AWM coincides with several state governments reducing direct on-ground 
support for pest management. It is increasingly up to local industries to take the reins of implementing 
AWM programmes. This study explored the social and institutional aspects of industry-driven AWM to 
understand how these programmes can best be supported. The findings are based on AWM case studies in 
Queensland and New South Wales in Australia, as well as interviews with people who operate in Australia's 
broader fruit fly management innovation system. The findings reported here complement the prevailing 
techno-centric emphasis relating to Queensland fruit fly management. They are summarised in five 
principles: (i) the local social profile influences the prospects of successful AWM; (ii) AWM needs to be 
based on adaptive co-management; (iii) local industries need help to help themselves; (iv) AWM 
programmes in Queensland need strong two-way connectivity with the broader Queensland fruit fly 
management innovation system; and (v) industry-driven AWM programmes need institutional adjustment 
to share public roles and responsibilities. These principles are discussed, as well as their policy implications. 
The study concludes that industry-driven AWM is only possible in certain circumstances. 


Key Words: Bactrocera tryoni, Tephritidae, community support, enabling environment, institutional 
design, fruit flies, social factors, fruit industry, horticulture, stakeholder involvement, adaptive co- 
management, international trade 
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1. INTRODUCTION 


In various countries there is an increasing push for local agricultural industries to be 
less dependent on direct government support and take on more responsibility for pest 
management (Higgins et al. 2016). One such pest in Australia is the Queensland fruit 
fly (Bactrocera tryoni (Froggatt)), which is established throughout parts of eastern 
Australia (Clarke et al. 2011). Queensland fruit fly is a particularly problematic pest 
as most fruit and vegetables are susceptible to infestation to varying degrees. 
Queensland fruit fly numbers can quickly soar under favourable conditions and the 
pest has the ability to cause considerable damage to crops (Dominiak and Ekman 
2013). The pest can therefore have a huge economic impact, especially as several of 
Australia's horticulture international trading partners place costly requirements or 
restrictions on produce from Queensland fruit fly-infested areas (PHA 2008). In 
addition, the application of two key chemical insecticides that were traditionally used 
to manage the pest, fenthion and dimethoate, have been restricted (Dominiak and 
Ekman 2013). 

Area-wide management (AWM) is seen as a key alternative Queensland fruit fly 
management strategy (NFFC 2016; PHA 2008). It promises a reduced need for 
insecticides and is acknowledged in international trade regulations as an acceptable 
phytosanitary approach for fruit fly (FAO 2016). However, many regions face reduced 
direct on-ground government support for Queensland fruit fly management resulting 
from cuts in pest monitoring and treatment activities, and extension services. Local 
industries now need to drive collaboration between various stakeholder groups and 
risk contributors (such as landholders with Queensland fruit fly hosts on their land) in 
order to initiate and maintain AWM programmes. 

Responsibility for the management of Queensland fruit fly is addressed across a 
federated system involving delegated people in various organizations and roles. These 
organizations include the Australian Government, which oversees international trade 
matters that are affected by Queensland fruit fly. State/territory governments are 
responsible for providing support for Queensland fruit fly suppression and domestic 
market access impacted by Queensland fruit fly. Various public and private 
organizations conduct Queensland fruit fly-related research. Several recent initiatives 
were introduced to address the Queensland fruit fly problem, including the National 
Fruit Fly Council, the National Fruit Fly Research, Development and Extension Plan 
(PBCRC 2015), and the establishment of a Sterile Insect Technique consortium 
(SITplus). As these initiatives occurred after the initial field work of this research, 
their impact on the results presented here was limited. 

This paper contains a summary of the key findings of a PhD project that 
investigated the social and institutional aspects of industry-driven Queensland fruit 
fly AWM in Australian horticulture industries, with special focus on three case studies 
in the states of Queensland and New South Wales. Traditionally, pest management 
has predominantly been approached as a technical issue in need of technical solutions 
(Schut et al. 2014). This chapter complements this techno-centric thinking. 
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2. METHODS 


The study involved mixed methods research and included qualitative interviews and 
focus groups (facilitated small group discussions), and a quantitative grower survey. 
In phase 1 (2013-2014) an assessment was made of how the success of industry-driven 
AWM can be bolstered at the local on-ground level. It comprised three case studies 
(Table 1), together with a review of scholarly literature about socio-ecological 
systems (e.g. Ostrom 2005; Armitage et al. 2008) and community-based natural 
resource management (such as Berkes 2010; Klerkx et al. 2012; Curtis et al. 2014). 

The online grower survey, involving the same three case study areas, was carried 
out between phases 1 and 2 towards the end of 2015. For a more detailed summary of 
the phase 1 methods see Kruger (2016a, 2016b). 

In phase 2 (2015-2016), ways were identified to create an enabling environment 
for industry-driven AWM, i.e. the conditions needed that will support local industries 
to take the lead in AWM programmes. This was done both in terms of Queensland 
fruit fly suppression and market access. It involved 33 interviews with people 
operating in the broader fruit fly management innovation system (Table 2). 


Table 2. An overview of the people interviewed in phase 2 about how to create an enabling 
environment for industry-driven fruit fly AWM 


Organizational background Number of interviewees” 


State government? 


- Queensland fruit fly researcher 7 
- Policy 6 
- Industry support 4 
- Operational management | 1 
Australian Government - Policy | 3 
University 2 
Industry body 7 
Local industry 2 
Local government? 1 
Consultant | 3 


“ New South Wales and Queensland only 
^ Five others were interviewed during phase 1 (see Table 1) 
© Some interviews involved more than one interviewee 


These findings, together with the grower survey results, were analysed by applying 
agriculture innovation systems thinking (Klerkx et al. 2012; Schut et al. 2014). Such 
thinking sees innovation as a co-evolutionary process involving not only technical, 
but also social and institutional change that results in on-ground progress (Klerkx et 
al. 2012). For a more detailed summary of the phase 2 methods see Kruger (2017). 
For a detailed explanation of the full PhD study’s methods see Kruger (2018). 


Table 1. Overview of the three AWM (area-wide management) case studies investigated, including for each case study 
information about the areas they cover, the number of growers, kinds of crops produced, local support for AWM, indicators of 
success, factors that enable or hinder AWM, and the data collected from these regions (adjusted from Kruger 2016a) 


Central Burnett (Queensland) Riverina (New South Wales) Young-Harden (New South Wales) 
Local Govern- Along the Burnett River within the North Burnett Local Government Areas of Carrathool, Griffith, Leeton, Local Government Areas of Young and 
ment Areas * Region Local Government Area Murrumbidgee, Narrandera Harden 
No. of growers 40 (2016 - mainly citrus) * Approx. 420 * citrus; 372 ^ grape; 55 " prune, and many other Approx. 35° cherry, 20° grape (2015) 
growers of horticultural crops (2014) 
Crops produced 2,266 ha * citrus (mainly mandarins); 370 ha table 8,133 ha * citrus; 7,200 ha vegetables; 15,000 ha grapes; 1,365 Estimated 650-700 ha ? cherries; and up 
and areas grapes (2010) ha walnuts; 885 ha prunes; 300 ha cherries; and smaller to 1,000 ha ^ of wine grapes 
involved plantings of other hosts (approx. 30,000 ha of horticulture) 
Support for = All growers implement rigorous Queensland fruit fly = The local citrus industry pushes for broad-scale Queensland = Cherry industry pushes for AWM to 
AWM baiting fruit fly management to support market access support market access 
= Growers voluntary fund town treatments, but = Other horticultural industries show little interest as Queensland = Grape growers are less engaged as 
contributions are dwindling fruit fly does not affect them economically unaffected economically by fruit fly 
Indicators of * Successful Queensland fruit fly suppression in season = Too early to tell * Too early to tell 
AWM success * Queensland fruit fly management practices led to 
protocol ICA-28, increasing domestic market access 
Factors enabling * Trust relationships between growers and consultants * Cold winters 
AWM * Small industry = Some packing houses insist that their grower suppliers provide "= Cold winters 
* Growers have similar on-farm objectives proof of Queensland fruit fly management through spray "= Strong local government support 
* Small, horticulture-dependent towns records and receipts of fruit fly management inputs * Small industry 
Factors hindering = Lack of enforcement mechanism to sustain grower = Many horticulture growers with multiple on-farm objectives * Medium-sized towns 
AWM contributions for town treatments = Lack of representative leadership * Little local power to enforce 
* Queensland fruit fly is endemic * Many part-time, low-input growers cooperation 
= Disappointment with inaccessibility to overseas = Large/medium-sized towns dependent on multiple industries * Limited local communication and 
markets without cold treatment contributes to = No local power to enforce cooperation influence across all horticulture 
dwindling grower contributions for town treatments * Lack of communication channels to all horticulture growers growers 
Qualitative data * Thirteen interviews“ = Twenty interviews“ * Nine interviews 
* One focus group * One focus group * One focus group 
* October 2013 * March 2014 * September 2013 
Grower survey 7096 5196 63% 
response rate (28/40) * (50/98) * (20/32) * 


" Local Government Areas are political entities that form the third tier of government in Australia 

^ Numbers provided by local industries 

* Personal communication with Nathan Hancock, Citrus Australia Ltd (12 Feb 2016) 

" Included local programme coordinators, growers, crop pest consultants and representatives of AWM programme management groups, packing houses, local councils and industry associations 
* Number of respondents / total accessible grower population 
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3. FINDINGS AND DISCUSSION 


Fig. 1 represents the consolidation of the key findings of the PhD research, and shows 
that AWM programmes can be conceptualised as comprising three key components 


that stretch across various levels of activity: 
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Figure 1. Conceptualised fruit fly management innovation system that will enable industry- 
driven AWM. 


e Social — people and groups at local, state, national and international levels whose 
actions, interactions and decisions (or lack thereof) can either facilitate or hinder 


AWM. 
Institutions — formal (laws, regulations, standards) and informal (norms and 


accepted behaviour) that apply at local, state, national and international levels that 
influence the design and implementation of AWM. 
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e Technology — Queensland fruit fly-related technologies and information that are 
available at the local level and flow predominantly from the broader fruit fly 
management innovation system that stretches across state, national and 
international levels. 

Following agriculture innovation systems thinking, each AWM programme is 
therefore embedded in a broader innovation system at higher levels comprising social, 
institutional and technological components that influence the feasibility of industry- 
driven AWM programmes. 

The two-way arrows in Fig. 1 emphasise the importance of multi-directional 
information flow across levels and between the three key components. This is 
necessary to ensure that the different components are responsive to each other. 

The key findings can be summarised in the following five principles that are also 
reflected in Fig. 1. A detailed explanation of the study’s findings is contained in 
Kruger (2018). 


3.1. Principle 1. The Local Social Profile Influences the Prospects of Successful 
AWM 


With the international drive for harmonised phytosanitary measures, the impact due 
to the uniqueness of different local regional communities on their ability to achieve 
AWM can be easily underestimated. This research found four social variables that 
determine the degree of difficulty to achieve AWM, i.e. the transaction cost to develop 
local institutions (formal and informal rules) that support AWM that are widely 
supported by risk contributors (Kruger 2016b). 

First variable: High heterogeneity of the contributors to Queensland fruit fly risk 
complicates setting local rules, such as identifying who needs to implement fruit fly 
management, what is required from them and how to win their commitment. Different 
on-farm objectives, pest impacts and market requirements for Queensland fruit fly 
management make it harder to identify a common AWM objective. For example, in 
the Riverina area in New South Wales, a small proportion of citrus growers is 
interested in exporting to premium Queensland fruit fly-sensitive markets. However, 
a large proportion is comprised of part-time growers supplying the domestic juice 
market. As their horticultural operations are not their primary income source, it 
lessens their incentive to participate in AWM, whereas exporters would like to see 
fruit fly management implemented to a high standard. Moreover, a heterogeneous mix 
of grower sectors means that the local AWM management group needs to establish 
trust and communication channels with more diverse stakeholders. This can challenge 
the management group's legitimacy and credibility across the region. 

When stakeholder investment is not proportionate to the distribution of eventual 
benefits, they might view any or some rules as unfair, which discourages cooperation 
(Ostrom 2005). Identifying who will gain most, and therefore who ought to contribute 
most, is not always initially evident. For example, AWM is seen as a good candidate 
to be included in systems approaches for trade, e.g. applying at least two independent 
risk management measures that cumulatively achieve acceptable levels of pest risk 
(Dominiak and Ekman 2013; FAO 2018). However, in practice many markets remain 
wary of accepting systems approaches and achieving AWM may not necessarily 
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render post-harvest treatments, such as cold sterilisation, obsolete, as is the case in 
Central Burnett in Queensland. 

Second variable: High levels of social capital (1.e. personal trust-based amicable 
relationships) between key participants may facilitate the establishment of AWM, 
including established trust and communication networks, champions and leadership, 
such as in Central Burnett (see Box 1). However, it is important that social capital is 
not located in just some participating groups, as cliques may hinder progress (Pretty 
2003). 

Third variable: Existing social mechanisms that provide opportunities for 
monitoring on-farm Queensland fruit fly management, e.g. to keep a check on 
potential ‘free-riders’, can facilitate collective action and lower transaction costs. For 
example, in Central Burnett crop pest consultants making routine field visits enable 
low-cost monitoring of whether growers are managing Queensland fruit fly. In 
Riverina, some packing houses insist that their grower suppliers provide proof of 
Queensland fruit fly management. However, this could be thwarted in times of 
produce shortage when supply chains ease their grower requirements in order to 
secure supply. 

Fourth variable: The ratio between the number of growers that are keen to pursue 
AWM and risk contributors who have little incentive to manage Queensland fruit fly 
(such as several town residents and part-time growers) affects the cost and effort 
needed to establish AWM. In Central Burnett growers were able to fund town 
treatments as towns are small relative to the production area. In the Riverina, with the 
large urban centre of Griffith, this would be less feasible, rendering AWM supporters 
reliant on awareness-raising to urge town residents to manage Queensland fruit fly on 
their land. 

Policy Implications: The varying profiles of the three case studies illustrate that 
finding ‘one-size-fits-all’ local institutions ideal for all AWM programmes is unlikely. 
The rules relating to how the programme is run, what it involves and what it sets out 
to achieve are best negotiated locally and tailored to local circumstances. The AWM 
action situation (Fig. 1) needs to allow for Enticott’s (2008) ‘spaces of negotiation’ to 
find ways to achieve wide stakeholder support. 


3.2. Principle 2. AWM Needs to be Based on Adaptive Co-management 


The formal requirements for fruit fly AWM (e.g. International Standards for 
Phytosanitary Measures (ISPMs) and the Queensland fruit fly Code of Practice 
(Jessup et al. 2007)), could suggest that AWM constitutes standardised ‘spaces of 
prescription’ (Enticott 2008), where AWM relies on introducing standard Queensland 
fruit fly management measures. Local industries’ attempts to achieve AWM often 
involve social, institutional and technical complexity and uncertainty. 

Aspects of AWM that involve complexity and uncertainty include its collaborative 
nature, various on-farm objectives and that not all stakeholders and risk contributors 
may have incentives to continually manage Queensland fruit fly, as was especially the 
case in the Riverina. Every local community is different. External expertise should 
not be privileged at the expense of local knowledge and learning processes rooted in 
local socio-economic, cultural and political contexts (Kruger 201 6a). 
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Designing AWM programmes requires a good understanding of the regional 
Queensland fruit fly situation, including Queensland fruit fly behaviour in and 
amongst crops, and other local hosts, and this might vary across years with different 
weather conditions (Clarke et al. 2011). 

In the system shown in Fig. 1, an AWM management group needs to continually 
monitor Queensland fruit fly pressure and adjust local Queensland fruit fly 
management strategies accordingly. Moreover, achieving market access is complex 
and uncertain. This was illustrated by the situation in Central Burnett where, despite 
a successful AWM programme, anticipated access to lucrative markets sensitive to 
Queensland fruit fly did not occur. 

Global experience with a wide range of natural resource management situations 
has shown that complexity and uncertainty are best surmounted through adaptive co- 
management, i.e. a flexible process of ‘learning by doing’ that draws on different 
knowledge systems (Armitage et al. 2008). Agricultural innovation systems literature 
refers to the need for co-producing integrated knowledge between different 
stakeholder groups to provide a holistic understanding of how to best improve plant 
protection systems (e.g. Schut et al. 2014). For Queensland fruit fly this includes 
knowledge on the biology and behaviour of the pest, and its host distribution and 
phenology. It also requires knowledge on the effectiveness of cultural and other 
phytosanitary measures and their integration, trade requirements and politics, 
institutions, risk contributors’ motivations and attitudes, and community engagement. 
Taking these factors into consideration will maximise the chances of designing a 
successful AWM programme tailored to local conditions. 

In the case studies analysed, co-production of knowledge typically occurred within 
the local management group. Here, participants engaged in social learning, learning 
from the activities implemented and each other, to continually refine Queensland fruit 
fly-related management activities. From an adaptive co-management perspective, 
outcomes need to be closely monitored when changes are introduced to ensure that 
the system does not loose functionality. Social learning requires sound 
communication processes that are well-facilitated, both horizontally between local 
players and vertically across levels as illustrated in Fig. 1. Adaptive co-management 
was evident in the successful Central Burnett AWM programme (see Box 1). 

Adaptive co-management does not offer a ‘quick fix’, and the investment 
(transaction cost) to engage with different players and learning processes can be 
considerable, especially in the early stages of an AWM programme. However, it does 
offer several important benefits over time (Kruger 201 6a): 

e Local knowledge of Queensland fruit fly behaviour in the local environment 
increases 

e Management activities are suited to the local region and continually improve 

e Local adaptive capacity strengthens, as lessons are learnt about what works and 
does not work in the local region and under different circumstances 

e A common narrative develops between key stakeholders, which is fundamental to 
developing the much-needed shared vision for AWM 

e A more sustainable, fit-for-context and locally-owned initiative is developed. 
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Box 1. Adaptive Co-management of Queensland fruit fly in Central Burnett 


The successful Central Burnett AWM programme represents many aspects of adaptive co- 
management. Local crop consultants, state government researchers and citrus growers worked closely 
together on various regional projects from the 1990s, resulting in trust-based amicable relationships. 
Jointly they decided on research priorities and Queensland fruit fly-related activities for the region, 
and discussed findings, which subsequently shaped in-field activities. Research was carried out in the 
region, including in growers' orchards. Growers participated in some research activities, such as when 
the male annihilation technique was introduced. When AWM was launched in 2003, the local 
government assisted with community engagement to minimise Queensland fruit fly pressure 
originating from towns. Other local horticultural industries were engaged in the AWM effort. State 
government researchers were in close contact with their colleagues responsible for negotiating 
domestic trade protocols. This assisted in fine-tuning a domestic market access protocol to be accepted 
by some jurisdictions and be practical for growers to implement. Most growers employed a local crop 
consultant, with whom they regularly communicated, implying that they had the ear of key decision- 
makers, as all crop consultants were management group members. When changes were introduced, 
such as less intense town treatments, the results were closely monitored to allow for rapid response in 
case of unfavourable results. 


Policy Implications: Adaptive co-management requires a mind-shift from 
focusing exclusively on implementing Queensland fruit fly management measures — 
such as when the now-restricted chemicals were still available — to implementing 
measures with the intention of continually learning and adjusting. This is illustrated 
in Fig. 1 by the two-way arrows between the AWM action situation, the local 
Queensland fruit fly management strategies and Queensland fruit fly pressure. 

Adaptive co-management implies that grower groups need to actively build 
networks with others, including other growers (or their representatives), experts in 
Queensland fruit fly behaviour and market access, and community representatives, 
such as local government. Several of these may involve representatives of 
organizations that are active in the broader fruit fly management innovation system 
(Fig. 1). 

Several aspects of market access represent ‘top-down’ elements where growers 
have little control, such as some trade protocol requirements that are negotiated 
bilaterally at the federal level. While it 1s important for those designing AWM 
programmes to take the technical requirements for market access into consideration 
as early as possible, it is best for AWM programmes to first focus on achieving 
Queensland fruit fly suppression. Unmet trade requirements relating to Queensland 
fruit fly can then be seen as ‘bolt-on’ components. Government and industry bodies 
can facilitate access to relevant experts. Other ways in which local industries can be 
supported are discussed below. 


3.3. Principle 3. Local Industries Need Help to Help Themselves 


An ‘ideal type’ of knowledge and capabilities that local industries need to access in 
order to achieve and maintain AWM, was developed during this research. It 
demonstrates the importance of dedicated staff to oversee and coordinate an AWM 
programme. In summary, these capabilities are: 
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e Programme administration and management — Effective programme 
implementation, including planning, implementation and monitoring; securing 
funding, sound financial management, understanding broader institutional 
requirements, organising and facilitating meetings, and record-keeping. 

e Stakeholder interaction — Including achieving a shared local vision, maximising 
uptake across risk contributors, networking, advocating the programme to key 
stakeholders, conflict management and supporting growers with recommended 
practice implementation. 

e Understanding Queensland fruit fly behaviour and management — Including 
general Queensland fruit fly biology and behaviour within the target region, on- 
ground management options, and consistently implementing regional Queensland 
fruit fly management strategies. 

e Understanding market access requirements: 

- Phytosanitary measure options — including effectiveness and limitations 

- Formal market access standards — e.g. relevant ISPMs and Queensland fruit fly 
Code of Practice; and concepts such as Probit 9 levels, appropriate level of 
protection and risk management 

- Informal aspects and requirements — e.g. market expectations and politics 

- Market access application and approval process, including data gathering, and 

- Consistent implementation, e.g. monitoring and corrective actions, where 
needed. 

Phase 1 respondents talked about the difficulty of establishing the needed 
networks to access the knowledge and capabilities required. Some phase 2 
interviewees believed that stakeholders at higher levels may easily assume that 
growers have certain levels of knowledge or capabilities, but in reality, this varies. 
Interviewees across phases 1 and 2 spoke about issues that added cost and effort to 
achieve AWM that could be made easier. For example, a high level of government 
staff turnover contributes to growers struggling to maintain relationships built on a 
mutual understanding of their local Queensland fruit fly situation, and possible ways 
forward. Moving forward sometimes depends on joint decision-making between 
stakeholders from different agencies and ‘getting them in one room’ is difficult for 
industry. 

Policy Implications: Given the considerable decline in public extension support 
in Australia, training could be offered to those who are likely to fill at least part of this 
gap, such as private crop consultants, key growers and other interested local people. 
This can strengthen local knowledge and capacity on issues such as trade; Queensland 
fruit fly biology, behaviour and management; and community engagement. However, 
training without strengthened intermediation between local level actors and other 
Queensland fruit fly management innovation system actors will do little to encourage 
*upward" information flow (see Principle 4). Training can also be a tool to support 
collaborations across levels by more quickly facilitating in-depth conversations 
between growers and other stakeholders. Feedback from interviewees also stressed 
the importance of effective stakeholder coordination between states/territories and 
between government and industry bodies; minimising staff changes and fostering a 
client-oriented ethos in. government departments. Innovative policy-making can 
contribute to overcoming local reliance on voluntary approaches (see Principle 5). 
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3.4. Principle 4. AWM Programmes Need Strong Two-way Connectivity with the 
Broader Queensland fruit fly Management Innovation System 


This research found that local industries easily become disconnected from the broader 
system. Phase 1 interviewees spoke about the difficulty of establishing networks and 
finding information and guidance to instigate AWM. Some phase 2 interviewees 
spoke about inaccessible research findings, as much research is not publicly available, 
and many growers will not read scientific articles. The disconnect is intensified by the 
loss of public extension services. The 'grower voice' was considered as under- 
represented in national Queensland fruit fly management dialogues. Higher level 
governance bodies may underestimate local complexities and overestimate the 
knowledge and abilities of local stakeholders. While peak industry bodies make much 
contribution to filling this gap, not all growers may see their peak industry body as 
representing their concerns. Limited resources prevent industry bodies from being 
involved in all AWM attempts to develop an in-depth understanding of the local 

Issues. 

Innovation studies show that successful innovation that results in positive on- 
ground change tends to result from a co-evolutionary process involving concurrent 
technological, social, organizational, and institutional change. As such, growers tend 
to be partners and entrepreneurs in the innovation system. The prevailing innovation 
approaches that focus primarily on technology production are increasingly criticized 
for not achieving intended outcomes often due to a lack of adoption (Klerkx et al. 
2012). Instead, a well-functioning innovation system, in this case one that promotes 
industry-driven Queensland fruit fly AWM, needs to deliver the required institutional, 
social, and technological change that will maximise the chances for it to flourish 
(Hekkert et al. 2007). This requires strong feedback loops between local AWM 
attempts and the broader Queensland fruit fly management innovation system (see 
Fig. 1). 

Policy Implications: Australia's National Fruit Fly Council has made considerable 
effort to make information on Queensland fruit fly management more accessible since 
the research was conducted, including online. However, establishing knowledge 
brokering to enable feedback loops across levels (Fig. 1) can support co-producing 
integrated knowledge (Kruger 2017). This requires fulfilling key functions to support 
information flow and collaboration between stakeholder groups (Klerkx et al. 2012), 
which are easily overlooked as they are often invisible and hard to measure (Klerkx 
and Leeuwis 2009; Meyer 2010). These key functions are: 

e Demand articulation — including assisting local industries with finding a shared 
vision to identify their technology, knowledge, funding, and policy needs (Klerkx 
and Leeuwis 2009; Meyer 2010). 

e Network establishment — including local horizontal networks and vertical 
networks with policy-makers and researchers (Klerkx et al. 2012; Meyer 2010). 

e Information translation — to connect 'external' information with the local context 
and growers' existing knowledge in summarized form and language that growers 
find useful (Klerkx et al. 2012); and local issues are 'translated' to other innovation 
system players to inform their decision-making (Klerkx and Leeuwis 2009; Meyer 
2010). 
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e [Innovation process management — working towards better arrangements in the 
multi-actor network, including facilitating cooperation and learning (Klerkx and 
Leeuwis 2009). 

As in Principle 2, collaborations between heterogeneous stakeholders to learn 
from each other are needed to produce integrated knowledge. Such collaborations 
represent innovation platforms. Interconnected innovation platforms across levels can 
be created, e.g. by connecting local AWM groups with multi-stakeholder groups at 
state and national levels. It enables representation of a stronger 'grower voice' at 
higher level deliberations and decision-making. The design of such intervention is 
best negotiated amongst key stakeholders to meet their needs and expectations, ensure 
maximum buy-in, and to enable a good fit with existing structures. Queensland fruit 
fly management coordinators at regional, state and national levels can facilitate 
interconnected innovation platforms and can potentially be co-funded between 
government and industry. 


3.5. Principle 5. Industry-driven AWM Programmes Need Institutional Adjustment 
to Share Public Responsibilities and Roles 


A major challenge for industry-driven AWM is dealing with Queensland fruit fly 
pressure from host plants in town backyards, and on peri-urban and public land. 
Therefore, public support is vital for AWM success (Dyck et al. 2021). All case 
studies were reliant on voluntary approaches to address Queensland fruit fly pressure 
from towns, such as the awareness-raising activities in Young-Harden and Riverina. 
Currently, legislative power rests predominantly with state governments, but there 
may be reluctance to introduce enforceable measures that favour industry over other 
rural groups (NSW 2014). Many local governments have very limited powers to put 
in place enforceable rules and in the case of study areas they did not have powers to 
enter backyards without resident permission. 

The case studies revealed barriers to behaviour change other than a lack of 
awareness, e.g. community apathy or recommended Queensland fruit fly management 
practices not making economic sense. For example, routine sanitation in orchards to 
remove fallen fruit is another essential AWM component that many growers are 
reluctant to fund. Other challenges included absentee landholders and derelict 
orchards. 

At least 89 per cent of growers surveyed across all case studies agreed that 
Queensland fruit fly infestation in towns increases on-farm Queensland fruit fly 
pressure. However, only 42 per cent of respondents in the Riverina and 40 per cent in 
Young-Harden had a strong or some belief that regular educational activities would 
ensure that town residents would adequately manage Queensland fruit fly on their 
properties. This suggests a limited potential for growers voluntarily contributing to a 
reliance on awareness-raising activities in towns. 
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Another major concern is maintaining commitment and AWM programme 
funding over the longer term. Establishing an income stream often depends on 
voluntary contributions from growers. However, Central Burnett demonstrates that 
this is thwarted by 'free-riding' when some growers refuse to contribute while still 
benefiting from reduced Queensland fruit fly pressure from towns. This causes others 
to also ‘opt out’ of voluntary contributions. For example, 59 per cent of Central Burnet 
survey respondents said that they would contribute to town treatments only if others 
contributed too. 

Studies about resource governance, involving resource-users taking the lead in 
setting the rules around resource usage, do not exclude complementary state 
intervention to back-up the collective action driven by resource users. In various 
contexts it is seen as important to sustain the trust among resource-users that others 
will also cooperate, and that a lack of cooperation will not jeopardise individual efforts 
(Ostrom 2005). 

Policy Implications: A recommendation from this work is to apply 'smart 
regulation’, ie. using complementary policy instruments and behavioural 
interventions to assist in overcoming the weaknesses of individual instruments, while 
still capitalising on their strengths. For example, by combining approaches that draw 
on people's intrinsic motivation to ‘do the right thing’ with legal instruments that can 
be enforced and that provide legitimacy to local industry AWM efforts. 

Several policy instruments were explored as part of the PhD research project that 
were drawn from the case studies, as well as Australia's Landcare Programme for 
natural resource management, and effective overseas AWM programmes. These 
instruments could be used in combination with others to ensure that the overall 
approach is locally tailored: 

e Community education and awareness-raising — if well implemented, this approach 
can influence people who have an intrinsic motivation to manage the pest, such as 
households valuing their backyard produce. The investment needed to sustain 
effective awareness campaigns are easily under-estimated. However, such 
campaigns will do little to overcome behavioural change barriers beyond a lack of 
awareness (Curtis et al. 2014). 

e Broad-scale state regulation enforcing Queensland fruit fly management on all 
land — while this can be applied consistently across risk contributors, it is very 
costly to monitor and enforce. There are also moral challenges, such as when 
landholders are physically or financially unable to manage Queensland fruit fly. 
Magistrate courts easily misunderstand the level of Queensland fruit fly control 
required and have rejected cases brought for prosecution (personal 
communication, state government interviewee, 24 September 2013). 

e Co-opting local stakeholders to support better implementation of government 
powers — including authority to enter private property and/or prosecute non- 
compliant landowners. This lessens the monitoring and enforcement burden on 
state governments. It is applied in the US states of Oregon and Washington, for 
example under the 2011 Washington Code (Washington State Legislature 2011). 
However, some authorities may be reluctant to favour industry needs over those 
of other community groups. 
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e Devolved power to enable industry, in partnership with local communities, to 
devise rules appropriate for the local context — including possibly allowing 
enforcement as a 'back-up' mechanism. This aligns most closely with the 
underlying principles contained in much of the community engagement literature 
that values community involvement in the decision-making of issues affecting 
them. However, results elsewhere have been mixed in natural resource 
management (Berkes 2010). Potential adversarial effects include conflict and 
'power grabs' by some groups (Berkes 2010). Dealing with uninformed people 
trying to influence the programme is difficult (Dyck et al. 2021). Such approaches 
tend to require considerable investment and skill. 

e Legislated cost-recovery structures — A legislated income-stream can facilitate 
industry and other appropriate local stakeholders to implement on-going and 
reliable pest treatments in Queensland fruit fly risk areas in combination with 
community awareness activities. It can come from mandatory contribution from 
growers, the state and possibly town residents, such as in the successful OKSIR 
programme for codling moth control in British Columbia, Canada (Dyck et al. 
2021; Nelson et al., this volume). However, such schemes could encounter 
resistance from those expected to contribute unless the contributions are adjusted 
to be proportionate to the expected benefits. 


4. CONCLUSION 


The research reported here explored whether industry-driven fruit fly area-wide 
management is feasible, with special focus on Queensland fruit fly AWM 
programmes in New South Wales and Queensland, Australia. This manuscript 
contains a summary of a social science PhD project that involved an investigation of 
three case studies of AWM programmes (or attempts thereof), a grower survey and 
interviews with people operating in the broader Queensland Fruit Fly management 
innovation system. 

It found that the feasibility of industry-driven AWM depends on social and 
institutional factors at the local level and within the broader Queensland fruit fly 
management innovation system. Advantageous local factors include a favourable 
social profile, such as growers with relatively homogeneous on-farm goals and high 
levels of social capital, as well as the application of adaptive co-management. AWM 
programmes need to be adjusted to the local context, with market access requirements 
seen as ‘bolt-on’ components. 

An enabling environment for industry-driven AWM requires a broader innovation 
system that is responsive to the needs of local industries. This requires strong two- 
way information flow between local programmes and other players in the innovation 
system, such as policy-makers and technology developers, which can be supported 
through knowledge-brokers and vertically interconnected innovation platforms. 
‘Smart regulation’ can assist local industries to overcome the limitations of voluntary 
approaches (such as depending on awareness-raising and education alone), by 
influencing people through a combination of policy instruments tailored to local 
conditions. 
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SUMMARY 


The adoption of novel integrated vector management (IVM) strategies requires proof-of-concept 
demonstrations. To implement a community-based intervention, for the control of vectors of Chagas 
disease in Guatemala, we engaged all relevant stakeholder groups. Based on this and previous experiences 
of the authors on engaged research and community-based interventions, several key factors can help 
facilitate effective integration of stakeholders in support of area-wide integrated vector management (AW - 
IVM) programmes. First and foremost, the diversity of stakeholders needs to be engaged early-on in the 
participatory action research and implementation processes, to provide ownership and contribute ideas on 
how to design and implement an intervention. Another important component, situational analysis 
regarding current pest control policies, practices and relevant stakeholders, is generated through interviews 
with key informants, at both national and local levels (governmental and non-governmental organizations); 
itcan facilitate the joint identification of strengths, weaknesses, opportunities and threats regarding current 
pest control strategies and proposing solutions through an AW-IVM approach. In addition, successful AW- 
IVM can result from identifying locally relevant strategies to implement the proof-of-concept 
demonstrative project. Further, it is critical to maintain constant communication with the local and national 
leaders, involving them throughout the implementation and evaluation processes. Flexibility should also 
be built into the project to allow for community-driven changes in the strategy, through a cyclical joint 
reflective process. Periodic feedback of project development needs to be scheduled with key stakeholders 
to maintain rapport. Finally, the results ofthe evaluation should be shared and discussed with stakeholders 
to ensure long-term sustainability of the programme, intervention, or project. Here we present the citizen 
engagement procedures used to integrate community members, health officials, and non-governmental 
organization staff for Chagas disease control in a region of Guatemala. We demonstrate how these methods 
can be applied to support AW-IVM programmes, so that communities and authorities are actively involved 
in the development and implementation of a jointly agreed intervention. In 2012, we developed the IVM 
intervention in an area of Guatemala with persistent Triatoma dimidiata (Latreille) infestation that is 
associated with the presence of infected rodents (rats and mice), that act as reservoirs of the Trypanosoma 
cruzi Chagas parasites inside the households. Nine control communities received only the Ministry of 
Health insecticide application against the vector and nine intervention communities participated in the 
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AW-IVM intervention. The intervention included a programme for rodent control by the community 
members, together with education about the risk factors for vector infestation, and insecticide application 
by the Ministry of Health. Entomological evaluations in 2014 and 2015 showed that vector infestation 
remained significantly lower in both intervention and control communities. In 2015, we found that there 
was a higher acceptance of vector surveillance activities in the intervention communities compared to 
control communities, suggesting that participatory activities increase programme sustainability. Finally, 
we found that there was a significant increase over time in the number of households with infected vectors 
in the control group, whereas there was no significant increase in the communities that participated in the 
programme. Thus, an AW-IVM programme including simultaneous rodent and vector control could reduce 
the risk of Chagas infection in communities with persistent vector infestation. 


Key Words: Central America, Ministry of Health, Jutiapa, community-driven changes, citizen engagement, 
Reduviidae, Trypanosoma cruzi, Rhodnius prolixus, Triatoma dimidiata, Triatoma infestans, stakeholders, 
participatory action research, vector surveillance, area-wide integrated vector management (AW-IVM), 
peridomestic environments, insecticide application, rodent control 


1. BACKGROUND ON CHAGAS DISEASE 
1.1. Chagas Disease in Latin America 


Chagas disease is widespread in the Americas, affecting 6-7 million people (WHO 
2017). It is considered one of the most neglected tropical diseases with serious public 
health implications, causing the loss of more than 600 000 disability-adjusted life 
years in Latin America (Mathers et al. 2007). The causing agent, Trypanosoma cruzi 
Chagas, is transmitted primarily by a few species of blood-feeding triatomine insects 
of the Reduviidae family (Dias et al. 2002). Strategies to control the vector species 
associated with domestic environments have been successful in several Latin 
American regions. 

There are three area-wide regional initiatives in the Americas for Chagas disease 
vector control: the Southern Cone, the Andean Pact, and the Central American 
Initiative (Dias et al. 2002). All three initiatives aim to reduce the incidence of Chagas 
disease through vertically coordinated multi-country vector control programmes, 
blood supply screening, and health education (Dias et al. 2002). The two area-wide 
South American initiatives targeted Triatoma infestans Klug for vector control, as it 
is the main vector for the transmission of the disease in these regions (Massad 2008). 
The control activities for 7. infestans resulted in the interruption of vector-borne 
transmission in Brazil, Chile and Uruguay (Dias 2007). Also, it reduced the incidence 
of infection in children and young adults in its member countries (Moncayo and 
Silveira 2009). 

The Central American Initiative focused on the coordinated use of indoor residual 
spraying (IRS) to eliminate Rhodnius prolixus (Stahl) and reduce Triatoma dimidiata 
(Latreille) domestic populations (PAHO 2011). This area-wide programme included 
an attack and a surveillance phase that was coordinated by the Ministers of Health of 
Central America and several cooperation agencies, including local universities and 
the Japanese International Cooperation Agency (JICA 2014). 
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The success of the IRS interventions resulted in the interruption of Chagas 
transmission by R. prolixus in Guatemala, Honduras and Nicaragua, and the 
elimination of the vector in Costa Rica, El Salvador and Mexico (Hashimoto and 
Schofield 2012). These initiatives were successful and led to a significant decrease in 
the incidence and prevalence of Chagas disease. However, as with many area-wide 
pest/vector control programmes (Vreysen et al. 2007), remaining foci with persistent 
infestations hinder regional success. To succeed in these areas will require approaches 
that integrate novel ecological, biological and social factors. 

Since early 2000s, housing improvement was proposed for sustainable control in 
regions with persistent 7. dimidiata infestation (Lucero et al. 2013). In 2009, the 
World Health Organization (WHO) promoted the development of novel interventions 
for the control of Chagas and dengue in Latin America (Sommerfeld and Kroeger 
2015). The interventions included multi-sectoral and -disciplinary ecosystem 
management strategies. Our study was part of an initiative by several countries to 
develop novel approaches for the control of T. dimidiata and T. infestans (Gürtler and 
Yadon 2015). We aimed to develop a community-based strategy for sustainable 
control of an area with persistent 7. dimidiata in south-eastern Guatemala (De Urioste- 
Stone et al. 2015). 


1.2. Vector Control Programme in Jutiapa, Guatemala 


Guatemala started a major vector control programme in 2000 as part of the National 
Strategic Plan for Chagas Control (Hashimoto and Schofield 2012). This included 
several rounds of IRS application in the endemic area that covered over 45 000 km? 
in the initial and second programme phase (2000-2005) (Hashimoto et al. 2012). In 
2009, Guatemala was certified to have interrupted transmission of the disease by R. 
prolixus, and T. dimidiata infestation was reduced nine-fold in the endemic region 
(Hashimoto and Schofield 2012; Manne et al. 2012). Vector control activities during 
the 2000-2010 period were estimated to have reduced the number of seropositive 
school-age children from 5.3% (1998) to 1.3% (2005-2006) (Hashimoto et al. 2012). 
Thus, successful Chagas disease control was achieved in most of the endemic area. 

The effectiveness of IRS was evaluated by Hashimoto et al. (2006) across the 
department of Jutiapa, located in the south-eastern region of Guatemala. In areas 
where the baseline infestation rates were originally 2096, one spraying cycle reduced 
infestation to a mean of 1.4% within 3-21 months (Fig. 1). However, the infestation 
levels increased to an average of 8.1% during a second screening 20-45 months after 
spraying. In villages with an initial 40% infestation rate, the first spraying cycle 
reduced it to an average of 12.2%. Given that the control programme aims to reduce 
infestation to below 5%, a second spraying cycle was carried out in these villages. 
This effort reduced infestation to 4.8% in 40 of 52 villages 3-10 months after spraying. 
However, 12 of the 52 villages showed higher than 5% infestation after two spraying 
cycles, necessitating a third cycle that reduced the infestation from 10.9% to 4.1% 3- 
5 months after spraying. 
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With uneven results of prevention and control efforts, emphasis shifted to 
exploring long-term sustainability of surveillance and control interventions (Schofield 
et al. 2006). Despite a growing recognition of the role of social, cultural, economic 
and political conditions as risk factors linked to the disease, research and control 
efforts focusing on these factors have remained scarce (Ventura-García et al. 2013). 
Vulnerable groups such as indigenous populations and groups living in poverty 
continue to be at a high risk for disease transmission due to cultural, social, political, 
and health system barriers (Dell'Arciprete et al. 2014). 
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Figure 1. Changes of indoor infestation index for the single, double, and triple spraying areas 
(from Hashimoto et al. 2006). 


2. DEVELOPMENT OF PROCEDURES AND SURVEYS 
2.1. Setting the Foundations 


2.1.1. Area of Interest and Initial Field Visit 

The municipality of Comapa in the department of Jutiapa has been recognized as an 
endemic focus for Chagas disease, with persistent 7. dimidiata infestation (Hashimoto 
et al. 2006) and high prevalence of T. cruzi infection (Rizzo et al. 2003). After multiple 
cycles of IRS and house improvement interventions (Bustamante et al. 2014), 
transmission continues at low levels in school-age children (Juárez et al 2018). A 
multidisciplinary team was formed that was composed of social and biological 
scientists with the aim to develop a project for improved Chagas disease control in 
this region. Our aim was to create a process that allowed stakeholders to contribute 
ideas, and implement an intervention that considered local conditions, resources, and 
concerns. 
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2.1.2. PRECEDE-PROCEED Framework 

The PRECEDE-PROCEED model (PRECEDE: Predisposing, Reinforcing, and 
Enabling Causes in Educational Diagnosis and Evaluation; PROCEED: Policy, 
Regulatory and Organizational Constructs in Educational and Environmental 
Development) was used as a framework to guide the identification of risk factors 
through an analysis of the situation, and to develop and implement the intervention 
programme considering the risk conditions. This framework has been widely used for 
planning, implementing and evaluating health promotion programmes (Edberg 2007). 
It uses a multidisciplinary approach that includes disciplines such as sociology, 
psychology, epidemiology, business, and education (Blank 2006). 

The steps required by the process before the intervention - PRECEDE - are based 
on a situational analysis: social, environmental, entomological, epidemiological, 
psychological, educational, and institutional assessments. A key component is the 
identification of risk factors (predisposing and reinforcing), as well as an informed 
development of the intervention proposal, with input from participants during group 
meetings. The intervention is based on the PRECEDE findings and implemented 
through the PROCEED steps in the formative and final evaluation of the intervention. 
As suggested by Edberg (2007), for the evaluation component, attention needs to be 
placed on assessing 1) the process of implementation, 2) the impact of the intervention 
(1.e. changes in knowledge, changes in practices and policies, changes in awareness), 
and 3) a limited number of outcomes due to the short timeframe of the project. 


2.1.3. Defining the Study Design 

In the PRECEDE stage of the project, a mixed methodology design was used to gain 
in-depth understanding of social, economic and environmental factors associated with 
persistent triatomine infestation (Bustamante et al. 2014). The approach allowed for a 
situational analysis of the community context, as well as for generalization of results 
and the credibility of the conclusions due to triangulation across research methods 
(Mertens 2014; Patton 2002). 

Each method was selected based on its usefulness to the intervention, framed 
within the PRECEDE component of the framework. The methodology consisted of 
five stages: a) building rapport and gaining entry, b) mapping of households and 
sampling design, c) conducting baseline entomological and household surveys on 
knowledge, attitudes and practices regarding Chagas disease and possible risk factors, 
d) facilitating group meetings, and e) analysing documented evidence regarding local 
Chagas disease control activities and the socio-economic context. 

Quantitative and qualitative data analyses allowed jointly developing a situational 
analysis report and an intervention proposal through a participatory process of 
individual and group learning and reflection (Bustamante et al. 2014; De Urioste- 
Stone et al. 2015). The PROCEED component of the study included a pre-test and 
post-test control group study design (De Urioste-Stone et al. 2015). Once again, a 
mixed methodology was used to generate both quantitative and qualitative measures 
during the intervention (Fig. 2). 
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Figure 2. Case study diagram embedded mixed methods and design of the qualitative- 
engaged intervention (modified from Creswell and Plano Clark 2007). 


One-year after completion of the intervention, an interim evaluation was 
performed in 2014 with household surveys and semi-structured interviews, and two- 
years after completion, in 2015, a final entomological survey was performed by the 
Ministry of Health (MoH) vector control programme. Given that change in behaviour 
requires time, this stage included pre- and post-surveys as indicators of change in 
knowledge and attitudes related to identified risk factors and to the disease. This 
allowed the study to determine the impact of participatory activities on these 
indicators. Small behavioural changes were measured qualitatively via participatory 
activities such as giving each participant a calendar to keep track of their activities 
(e.g. household cleaning and rodent trapping) throughout the month. Entomological 
indicators at baseline and follow-up were used as a proxy of reduced disease 
transmission. 


2.1.4. Quality Assurance in Case Study Research 

Trustworthiness strategies (Mertens 2014; Patton 2015) must be applied for quality 
assurance. Triangulation in case study research is key to enhance credibility (Creswell 
1998). We used triangulation across stakeholders (Erlandson et al. 1993; Flick 1998; 
Mertens 2014; Patton 2015), and by generating information through different research 
techniques (Erlandson et al. 1993; Flick 1998; Patton 2002; De Urioste-Stone et al. 
2015). We validated, through collective and iterative dialogue with the participants, 
our understanding and interpretation of the main concepts and ideas generated during 
participatory activities (Creswell 1998; Erlandson et al. 1993; Flick 1998; Mertens 
2014). This was done immediately after generating data to enhance credibility. 


COMMUNITY-BASED CHAGAS DISEASE CONTROL IN GUATEMALA 715 


2.1.5. Ethical Considerations of a Multidisciplinary Approach 

A variety of informed consent forms were used; confidentiality was assured by 
creating coding systems with IDs (questionnaires, interviews, and group meetings), 
and careful and secure data management. Written consent forms were read and signed 
by the participants; in case the person could not sign the form, a fingerprint was 
requested, as well as a signature of a witness. For group activities, a written consent 
form was used; the consent form was read and signed by a representative of the group 
and a member of the research team (and included a list of the participants). 
Participants were requested to sign a consent form for photographs and videos during 
participatory group meetings. Potential benefits of the study were described and 
agreed upon prior to data collection. 

The consent protocols for the cognitive study were collectively developed with the 
communities during the ethnographic phase, taking as model the consent forms used 
for interviews and signing a letter of conformity with the communities according to 
their own terms. We also were flexible in changing procedures and techniques to 
respond to contextual particularities in the communities of study. For example, the 
informed consent originally proposed was a verbal consent, but the communities 
requested to sign them during the first pilot study, so change to a written consent form 
was approved by the ethics committee. 

After facilitation of each meeting, the research team went through a reflective 
process and preliminary analysis of results before planning the next group session. 
Hence, formative data analysis informed data collection. 


2.2. Gaining Entry and Building Rapport 


Gaining entry and building rapport are essential when conducting qualitative research 
(Ely et al. 1991). We considered this element of the research process essential for 
carrying out any type of intervention, and to ensure active collaboration of 
participants. Early on, a meeting was called by the leader of the Community 
Development Councils (COCODEs) for the entire community to share the study 
objectives, methods and expected participation at the community and individual level. 
For participatory activities, the entire community was invited. 

For surveys and intervention phases, communities were randomly selected, and a 
set number of households was randomly selected to be included in the activities. The 
selection process was explained at these meetings to prevent any misunderstanding. 

The following activities were carried out to enhance the success in gaining access 
and building trust with stakeholders in the study area: 

e Periodic communication with gatekeepers from organizations and communities. 

e Meetings in Comapa to present the intervention strategies and results from each 
stage of the project to local leaders, communities, participants and other 
stakeholders. In every meeting there was a space for dialogue to obtain feedback 
about concerns and ideas. 

e Rapport with the national authorities was also enhanced, and the interim and final 
results were presented annually at the National Chagas Vector Control Programme 
evaluation meetings. 
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e Presentation of results from each stage of the study to communities and 
stakeholders. 

e Flexibility to change procedures and techniques to respond to the situations, 
getting Institutional Review Board approval for protocol modifications as the 
project progressed. 

e Respect and value for the time provided by co-participants according to their 
cultural norms and conception of time. 

e Recognition, adaptation and respect for organizational and ethnic cultures and 
ways. 

e Collaborative definition of the location, dates, and times to conduct meetings, 
interviews and workshops. 

e Ongoing reflection on the processes of gaining entry and building trust. 
Community meetings were conducted to share general results of the Knowledge, 

Attitude and Practices (KAP) questionnaires and entomological surveys after the 

PRECEDE and PROCEED stages. Interim and final results were presented annually 

at the National Chagas Vector Control Programme evaluation meetings. 


2.2.1. Engaging National and Local Health Authorities 

Before preparing the proposal, the idea was first presented to the head of the National 
Chagas Vector Control Programme. After approval at the national level, the idea was 
presented to the Jutiapa Health Area epidemiologist. During this meeting, a visit to 
the field site provided context and shaped the proposal for local relevance. This visit 
was critical to gain support from the local health authorities, who provided valuable 
input for the final proposal. Brainstorming sessions looked at potential stakeholders 
to approach, and potential collaboration activities and resources. Meetings were also 
conducted with leaders from the Municipality of Comapa. The main objective of these 
meetings was to gain stakeholder permission to conduct the research, to explain its 
different components and to discuss and gain feedback on how to implement them. 
Local authorities provided us with baseline data from the communities, maps, and an 
up-dated list of community leaders. 


2.2.2. Engagement of Community Leaders 

In 2002, the COCODESs were created in Guatemala to serve as the local organization 
that identifies and brings together community leaders. The aim of the COCODEs is 
to serve as a channel to facilitate the participation of the population, to plan and 
implement development efforts using a democratic approach (Congreso de la 
Repüblica de Guatemala 2002). COCODEs have usually facilitated introduction of 
projects (or any external initiative) to their communities, serving as the first contact 
to approach the community and gain access and project approval. 

For our project, a list of communities and their leaders was generated at the 
municipality level. A meeting was organized with 74 members of the COCODEs from 
Comapa, where the leaders were informed about the duration and objectives of the 
project. The methodology was explained in detail, as well as the expected 
participation of the community members. Lists of problems related to Chagas and 
organizations working in the area were generated and the overall scope of knowledge 
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and experiences with Chagas at the community level was detailed. The meeting with 
the COCODEs leaders was essential to gaining entry and ensure proper 
communication about the project. 

However, the COCODEs are also an institution that can influence decision- 
making, which may lead to politicization of initiatives. New projects with no former 
experience in the area should pay attention to these political dynamics, which might 
be very challenging. In our case, some communities had one COCODE appointed by 
the municipality and another appointed by the community members. At the end two 
meetings were done for each community. We found throughout the study that 
identifying leaders who were recognized by the community allowed us to gain entry 
and build a relationship of trust with each community, without politicizing the project. 
In the absence of organizations such as COCODE, one option is to determine which 
other institutions collaborate with local leaders and which organizations 
(governmental and non-governmental) are working in the area. It is very likely that 
relevant structures are already in place, i.e. a network of leaders, youth teams, 
volunteers or women groups, that could be invited to collaborate, rather than starting 
interactions from scratch. 


2.2.3. Community Engagement 

Based on our experience, securing collaboration from the communities is essential to 
avoid a paternalistic approach. It was important to acknowledge that we did not have 
all the answers and that we could not propose all potential solutions using solely ideas 
generated in the office or by conducting experiments in the laboratory. We recognized 
the need to listen to the local community members, and value their opinions to make 
the intervention successful and sustainable. 

After evaluating the eco-bio-social baseline information, we conducted 
participatory activities at three different communities, inviting all members of each 
community to each meeting through the local leader. The communities were selected 
based on different social organization characteristics and vector infestation levels. In 
these meetings, we actively listened to the ideas and concerns of local participants 
regarding their role in risk factor mitigation. 

Based on this approach, we proposed potential strategies that were discussed with 
all stakeholders and could be modified later if required. Actively listening to ideas, 
experiences and respecting the knowledge of local populations was key to engaging 
and empowering participants. Through this engagement, the project moved from 
being an endeavour from a traditional research team, to becoming a collective 
undertaking with the active participation of local populations — this is essential for the 
activities to continue after the project has come to an end. 


2.3. Stakeholders Analysis 


2.3.1. Stakeholder Context 

We developed a list of stakeholders at the national, regional and local levels that 
stipulated their roles in Chagas vector control. The different roles and areas of 
emphasis for stakeholders are shown in Fig. 3. 
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Figure 3. Stakeholder mapping of the National System for Chagas Control at the local and 
national levels (with permission from De Urioste-Stone et al. 2015). (Universidad del Valle 
de Guatemala: UVG; Universidad de San Carlos de Guatemala: USAC; International 
Development Research Centre: IDRC; Japan International Cooperation Agency (JICA); 
Tropical Disease Research-WHO: TDR-WHO; Pan American Health Organization: PAHO; 
Médicos con Iberoamérica: IBERMED). 


The relationships we observed between the different stakeholders are portrayed 
in Fig. 4. This type of analysis is useful to understand and identify the persons who 
can positively contribute to the project and those who can potentially be obstructive. 
During the study, we continuously discussed newly developing power relationships 
between the different stakeholders to predict potential conflicts, but also 
opportunities for collaboration and to leverage resources. 

We strived to understand the different roles and interactions among stakeholders 
to build the relationships for a participatory process. We acknowledged and 
considered knowledge about Chagas disease and its control, including interests, 
positions, alliances and relevance in Chagas disease control of those involved 
(Schmeer 1999). 


2.3.2. Training of Personnel/Collaborators 

Several training sessions were undertaken with local field staff of the MoH. The first 
efforts focused on standard operating procedures, use of maps and global positioning 
system (GPS) equipment. Field staff received training on how to apply the 
household/KAP questionnaire, specifically on how to approach interviewees, how to 
ask each of the questions, how to facilitate consent request and other ethical concerns. 


COMMUNITY-BASED CHAGAS DISEASE CONTROL IN GUATEMALA 719 


Training sessions on the biosafety and handling of vector specimens were undertaken 
by all members of the vector control MoH team. These activities were crucial to 
generate understanding and empowerment related to the proposed activities for the 
intervention; all staff and collaborators need to fully understand the procedures to 
generate high quality data. This approach also allowed for collaboration across 
disciplines and forming a strong interdisciplinary team. 


PULI 


— 


National 
Epidemiology Center 
Health | 
educators 


Figure 4. Mapping of'stakeholder relationships. Arrows denote direction of relationships 
between stakeholders: unidirectional denoting supervision relationships, bidirectional being 
collaborative interactions. The dotted lines indicate secondary linkages through cooperation 

relationships, the solid lines indicate primary linkages through collaborative relationships. 


2.3.3. Pre-testing of Survey Procedures and Questionnaire 
We validated all survey procedures, questionnaires and the consent forms before 
starting data collection, in two communities from the same municipality that were not 
part of our study. These communities were selected from the sample of communities 
found over 850 meters above sea level that were not selected for the survey. Two 
validation rounds were conducted in two different communities with four households 
randomly selected in each. We obtained feedback to make the required modifications. 
Each household was visited to assess the household/KAP and entomological 
forms, with the goal of reducing measurement error (Dillman et al. 2008; Krosnick et 
al. 2014). The reactions of interviewed community members to wording and ordering 
of questions was observed and analysed, and participants were asked to suggest better 
phrasing and more appropriate wording when questions were not clear. As a result, 
the accuracy of the questions was improved, several questions were added, and the 
order of questions revised. The order of the procedures was also modified to improve 
the interviewing process by performing the KAP survey instrument before the 
entomological survey. 
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The instruments were modified, and a third round took place to pilot test the 
effectiveness of the selected protocols, with four more households randomly selected. 
After the feedback from the pilot test was included, the household/KAP 
questionnaires were further reviewed and revised by staff of the MoH. 


3. THE INTERVENTION 
3.1. Developing the Intervention 


Before the intervention, three communities of the Municipality of Comapa, selected 
based on their vector infestation levels (two with the highest infestation and one 
without persistent infestation), were invited to share information regarding animal 
management in relation to Chagas disease risk factors and to identify their problems 
and potential solutions (Bustamante et al. 2014). All community members were 
invited to these activities. We used a participatory model to gain in-depth 
understanding regarding local practices related to risk factors. Through a series of 
community reflection exercises, it became evident that community members wanted 
to better understand the disease, and to identify actions to change the current 
conditions. 

An anthropological study was undertaken to better understand the economic 
production practices, further adding to the knowledge generated previously. We 
observed very distinct activities based on gender, with agricultural activities mainly 
carried out by men, whereas women carried out household chores, raised children, 
cared for peridomestic animals (e.g. chickens), and traded goods with other 
community members. 

The first evaluation of the region showed that, with respect to Chagas disease, 
chicken management practices and the presence of dogs and rodents posed an 
important risk for the household (Bustamante et al. 2014). The findings indicated the 
importance of developing sustainable animal and environmental management 
practices that would modify behaviours of community members that posed risk factors 
in relation to triatomine infestation, as part of a gender-oriented education programme. 


3.2. The Intervention Framework 


The intervention framework included a close collaboration with the communities to 
generate an integral animal and environmental management programme. It also aimed 
to implement relevant components of another educational programme in the area 
called *Clean House, Clean Patio" developed by the MoH and JICA (De Urioste- 
Stone et al. 2015). The general objective was to provide a strategy to improve Chagas 
disease prevention in different ecological and social settings. This was achieved by 
better understanding the ecological, vector-biological and social ("eco-bio-social") 
determinants of peridomestic animal management in relation to vector infestation. As 
a result, we developed and evaluated a community-centred intervention to reduce 
habitats for rodents and chickens inside the household, both of which were found to 
be important blood sources and risk factors for triatomines. 


COMMUNITY-BASED CHAGAS DISEASE CONTROL IN GUATEMALA 721 


Eighteen communities with baseline infestation levels above 15% were selected 
from the 30 communities surveyed in the situational analysis (De Urioste-Stone et al. 
2015). Nine communities were randomly assigned to the intervention (AW-IVM) and 
the other nine communities to the control (only the MoH insecticide application) 


groups (Fig. 5). 


3.3. Participation and Community Engagement during Intervention 


We used some elements of Participatory Action Research (PAR) to guide changes in 
perception and behaviour at multiple levels, through “direct involvement, intervention 
or insertion in processes of social action" (Fals-Borda 2001). The model facilitated 
active listening to the concerns and ideas of participants, and it promoted a reflexive 
process about the implications of the interventions amongst researchers and 
participants. We relied on an iterative process of reflection and action (Freire 1970). 


* Control communities 
* Intervention communities 
[E] Comapa 
E] Jutiapa 
E] Guatemala 


Figure 5. Distribution of communities assigned to intervention and control groups for the 
intervention phase, Comapa, Jutiapa, Guatemala, 2012. 


We - participants, researchers and collaborating institutions (non-governmental 
organizations, MoH) - engaged in a cycle of sharing knowledge, following up changes 
in practices, and reflecting about the research process during the intervention (De 
Urioste et al. 2015). We believe that through this knowledge-reflection-action 
iterative method, we facilitated a process best described by Kemmis and McTaggart 
(2003) as: 


“systematic inquiry, process; participation and collaboration; 


, 


bridging local and scientific knowledge; empowerment; and action ". 
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Participatory techniques (FAO 1990; Chambers 2002) were used as a vehicle to 


stimulate dialogue and reflection among participants about Chagas disease. 
Educational material about Chagas and topics related to chicken, dog, rodent/grain 
management were discussed and analysed with participants. Seven monthly 
participatory meetings were held within each of the intervention communities: 


Meeting 1: A full description of the intervention methodology and timeline was 
presented to the selected members of the intervention communities. Consent of all 
the participants was obtained. Methods were discussed and feedback of the 
participants was incorporated into the research tools to be developed in the 
following meetings. An informative brochure that contained results obtained in 
the baseline was developed and shared with the participants. 

Meeting 2: A community level Strengths, Weaknesses, Opportunities, Threats 
(SWOT) analysis was generated, to have a better understanding of the situation 
and to identify specific issues to be addressed in the following meetings. The 
analysis included topics such as (1) current practices to manage and control the 
triatomines, (2) current knowledge about 7. dimidiata behaviour and presence in 
the houses, and (3) other institutions working directly or indirectly with the disease 
and the vector. 

Meeting 3: Group narrative related to knowledge and experience with Chagas 
disease. The research team presented information on the disease and its vector, 
forms of transmission, symptoms, effects and treatment. A calendar was presented 
and validated as a personal matrix to document household activities. 

Meeting 4: Group narrative related to knowledge regarding rodents and grain 
storage as risk factors for vector presence in the house. The research team 
presented information on the biology and ecology of rodents, the danger they pose 
in relation to Chagas disease, and proposals for control strategies. The calendars 
were delivered to the meeting participants for use as personal matrices to record 
the activities and practices related to rodent and grain storage, to be implemented 
during that month. During this meeting, rodent traps were delivered, and a 
practical session demonstrated the use of the traps, protocols to kill the rodents 
easily and ethically, and to manage and bury the carcasses. 

Meeting 5: Group evaluation with respect to the dynamics of the PAR process, i.e. 
assessment of the knowledge gained on the vector, the disease and the rodents, the 
activities proposed for rodent control, and about the use of the matrix (a calendar) 
to document rodent and grain storage practices. Discussion of needed changes in 
design and new personal commitments acquired to continue advancing. 

Meeting 6: Group discussion on the use of the matrix for rodent control activities 
and any related changes made. Sharing of knowledge and experiences related to 
chickens, vegetation and waste management as risk factors for vector presence. 
Presentation by the research team on the importance of chicken management, and 
proposal of a strategy for integral waste management, through compost 
production, a chicken coop and food production. Validation and discussion about 
the matrices to have a record of the activities and practices related to 
environmental management. 
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e Meeting 7: Group discussion regarding the use of the matrix for grain storage, and 
rodent, chicken, dog and environmental management practices and any changes 
made, and all steps of the PAR process. Closing presentation with findings, 
achievements and identification of possible knowledge gaps. Opinion survey 
among participants and local leaders regarding the PAR process. 


4. RESULTS AND CONCLUDING REMARKS 


Comparison of KAP survey results with Student's t test, in a pre-test in 2012 and 
post-test in 2014, showed that the intervention with participatory activities produced 
a significant change in protective practices against risk factors for persistent T. 
dimidiata infestation, including rodent control using mechanical traps and 
environmental management, as well as chicken management (Student's t test, 
p<0.001) (De Urioste-Stone 2015). An odds ratio comparison of entomological 
indices in 2012 and 2014 showed higher early instar reinfestations in the communities 
that received no treatment (control), compared to the intervention communities (OR 
8.3, 95% CI 2.4-28.4). In addition, there was a significant reduction in rodent 
infestations in the intervention group over time (OR 1.9, 95% CI 1.09-3.45). The 
overall infestation levels were maintained below 1096 in both intervention and 
control groups during the first evaluation in 2014 (Fig. 6). 


Figure 6. Reduction of Triatoma dimidiata infestation in the Municipality of Comapa, 
Department of Jutiapa, Guatemala in the control and intervention groups pre- (2012) and 
post-intervention (2014). A) Control group 2012. B) Intervention group 2012. C) Control 

group 2014. D) Intervention group 2014. 
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In 2015, an entomological survey was performed as part of the MoH surveillance 
activities. The survey was performed simultaneously with a serological survey of 
household inhabitants (Juarez et al 2018). During this 2015 survey, we observed that 
communities where Participatory Action Research was conducted had a higher 
participant retention, when comparing treatments (Pearson Chi?- 3.298, p= 0.046, 
one-tailed test). A trend was also observed, at a 9096 CI, for lower drop-out rates for 
the intervention communities with an Odds Ratio of 1.67 (90% CI= 1.05, 2.65) (Table 
1). This suggests that the participatory process increases long-term community 
acceptance of MoH surveillance activities. 


Table 1. Community recruitment and continued participation between control and 
intervention treatments in numbers (%) for the municipality of Comapa, Department of 
Jutiapa, Guatemala 


2012 2014 2014 2015 2015 
Treatment Recruitment Drop-out Remained Drop-out Remained 
Control 215 (49.9) 15 (3.5) 200 (46.4) 37 (8.6) 178 (41.3) 
Intervention 216 (50.1) 23 (5.3) 193 (44.8) 24 (5.6) 192 (44.5) 
Total 431 (100) 38 (8.8) 393 (91.2) 61 (14.2) 370 (85.8) 


* Significant difference, p«0.05. We were unable to observe any statistical difference for domestic 
infestation levels between the control (21%; 8.5% and 15%) and intervention (20%; 8.3% and 12%) 
by year (2012-2014-2015). We did observe a trend that may suggest that intervention practices may 
prevent long-term reinfestation of the houses (n=192) that were originally infested (OR 2.5, 95% CI 
0.93-6.99). On the other hand, the control group (n=178) showed a higher probability of finding 
infestation if the household was previously infested (OR 3.16, 95% CI 1.1-9.00) 


We also evaluated the effects of rodent infestation on vector infection by T. cruzi, 
for the triatomines collected in 2012 and 2015. Triatomine infections were confirmed 
using PCR for the parasite T. cruzi (Maddren 2018). We found that the proportion of 
infested houses with infected triatomines significantly increased over time in the 
control group (Table 2). However, in the intervention group the proportion of infested 
houses with infected triatomines did not increase over time. This suggests that rodent 
control may reduce the risk of infection in the households. It appears that the 
participatory process gave the household inhabitants the tools to reduce risk factors 
for infection. Through this community-based programme, we learned that complex 
health problems such as vector-borne zoonotic diseases require multidisciplinary and 
community-based approaches to develop innovative solutions that target ecological, 
socio-economic, cultural, institutional, and biophysical factors of risk. 
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To develop relevant solutions, an in-depth understanding of the dynamics of 
communities and the role/interactions among stakeholders are first needed to be able 
to understand the context that frames the public health issue. Once biophysical and 
social science data are collected and triangulated, and the problems are identified 
based on this data integration, solutions should include the input from those that will 
be involved and affected by the intervention. 


Table 2. Percentage of sampled houses in the Municipality of Comapa with Triatoma 
dimidiata infected with Trypanosoma cruzi 


Treatment Ves Infested Percent of houses with T. cruzi 
Houses infected T. dimidiata (95% CI) 
Control 2012 30 65.1 (50.3-79.8) 
2015 | 18 90.4 (78.2-100.0)° 
Intervention | 2012 | 17 | 68.1 (44.2-91.9) 
| 2015 | 20 | 77.2 (59.9-94.4) 


* Significant difference, Chi? = 5.8, p<0.05 


A participatory-reflexive process can help improve the effectiveness of strategies 
aimed at achieving changes in human social and behavioural contexts. These activities 
empower the community to engage in practices that are truly relevant and feasible to 
them. Introduction of AW-IVM innovations should engage citizens throughout the 
process to ensure public awareness and involvement in the projects. 

In our case, given that these vectors can colonize peridomestic environments, it 
will be necessary to implement additional strategies in the future to reduce the 
availability of these habitats and prevent future domestic infestations. In addition, all 
members of the communities should be engaged in the process, to ensure that 
peridomestic environments do not become a source of infestation for neighbouring 
households and communities. 
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SUMMARY 


During the past twenty years, the number of research projects involving people not trained as scientists, the 
so-called citizen science, has increased consistently, including mosquito monitoring and control projects. 
The involvement of citizens in mosquito monitoring programmes not only helps scientists during the data 
collection phase, but also raises public awareness on mosquito-transmitted diseases and educates citizens 
about virtuous behaviours that can help in reducing mosquito populations and their spread. The Asian tiger 
mosquito Aedes albopictus (Skuse) is an invasive species that became established in Europe starting in 
1979, with Italy representing currently one of the most infested countries. Procida, a small Mediterranean 
island in the Naples gulf (Campania region, southern Italy) has unique and very interesting features 
facilitating the field testing of mosquito integrated vector management (IVM) approaches and control 
methods, including the Sterile Insect Technique (SIT). With the help ofthe local municipal administration, 
the Procida citizens are actively involved as volunteers in monitoring the seasonal and spatial distribution 
of the Asian tiger mosquito. The collected baseline data will be useful to implement a future island-wide 
integrated suppression trial of Ae. albopictus, including the release of sterile males, to be carried out in 
collaboration with the local municipal administration and with the technical support ofthe Joint FAO/IAEA 
Division in Vienna. 
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1. INTRODUCTION 


According to the World Health Organization (WHO), mosquitoes are considered 
the deadliest animals on Earth, causing more than one million human deaths every 
year and representing a risk due to the diseases they transmit, and to which more 
than one third of the human population is exposed (WHO 2019). 

In this scenario, during the last four decades, invasive mosquito species have 
played a significant role because of their confirmed or potential capabilities to 
vector an increasing number of diseases to humans and animals. Introductions of 
invasive mosquito species have increased world-wide as a result of the 
globalisation of trade and travel, climate change, and the capacity of the 
mosquitoes to adapt from their native areas to temperate regions, such as the 
European continent. 

Among all the invasive mosquito species listed to date, Aedes species are of 
major concern, with at least five described species having become established in 
parts of Europe (Medlock et al. 2015). This includes the Asian tiger mosquito 
Aedes albopictus (Skuse 1894) (Diptera: Culicidae) that is considered a major 
threat to public health in Europe. 


1.1. Aedes albopictus /nvades Europe 


Ae. albopictus originated from Southeast Asia and has spread world-wide during 
the last 40 years. In Europe, it was firstly recorded in Albania in 1979 and is 
present today in 24 European countries (ECDC 20182). Species distribution 
models, combining eco-environmental and terrestrial cover variables, and future 
climatic scenarios, predict further spread of this species in Europe and other 
countries in the world (Fischer et al. 2011; Caminade et al. 2012; Cunze et al. 
2016). 

In Italy, the mosquito arrived in 1990 in Genova (Liguria region) (Sabatini et 
al. 1990) and has quickly spread over the whole Italian territory, in particular in 
the north-eastern area (Friuli-Venezia-Giulia region, and large parts of the 
Lombardia, Veneto and Emilia Romagna regions) and central and southern 
coastal areas, including major islands (Albieri et al. 2010; Marini et al. 2010; 
Valerio et al. 2010). Ae. albopictus has a very aggressive day-time human-biting 
behaviour (Valerio et al. 2010; Manica et al. 2016) and it is a competent vector 
for more than 20 arboviruses, including the dengue and chikungunya viruses, in 
addition to filarial nematodes of veterinary and zoonotic significance (Cancrini et 
al. 2003; Pietrobelli 2008; Bonizzoni et al. 2012). 
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The first European outbreak of chikungunya fever occurred in Italy in 2007 
and was ascribed to the presence of the local Ae. albopictus populations. This 
event drastically increased awareness of the risk of new or re-emerging mosquito- 
borne diseases in Europe (Gasperi et al. 2012). In addition, the Zika virus (ZIKV) 
outbreak in South and North America starting in 2015, and the confirmation that 
Ae. albopictus is a competent vector of the disease (Grard et al. 2014; Di Luca et 
al. 2016; Heitmann et al. 2017), have further emphasised the importance to 
carefully monitor and sustainably manage this species also in European countries. 
During the summer of 2017, about 250 cases of chikungunya fever were reported 
in the urban and costal area of Lazio (Venturi et al. 2017). 

In the Mediterranean region, this species is mainly active during the summer, 
and evidence has been collected that under specific climate conditions the 
populations show a bimodal distribution with peaks in July and September 
(Manica et al. 2016). Considering the heavy nuisance caused by the Ae. albopictus 
female day-time biting behaviour, the presence of this species 1s considered also 
a serious socio-economic threat for regions with a tourism-based economy (Roiz 
et al. 2008). 

To face the increasing risk of the spread of vector-borne diseases, several 
European Union (EU) countries started mosquito monitoring, surveillance and 
control programmes and, in 2005, the European Centre for Disease Prevention 
and Control (ECDC) was established, i.e. an EU agency aimed at strengthening 
Europe's defences against infectious diseases, including vector-borne diseases 
(Zeller et al. 2013; ECDC 2018b). 

Mosquito monitoring programmes usually are based on the use of special traps 
(ovitraps to collect mosquito eggs, gravitraps to collect gravid female mosquitoes, 
and adult traps to collect adult mosquitoes of both sexes) to determine the 
occurrence and the spatial-temporal distribution of the species. However, the 
management of an area-wide trap network, covering wide territories or a whole 
country, requires great financial resources as well as a significant labour force. 


1.2. Involvement of Civil Society in Citizen Science 


Recently, the involvement of civil society in research projects, also known as 
citizen science, has become increasingly popular (Dickinson et al. 2012; Bonney 
et al. 2014). To support mosquito monitoring performed by experts through 
conventional trapping (the so called “active” monitoring), community-based 
surveillance activities have been launched in some EU countries. These citizen 
science projects are based on the public participation through active monitoring, 
such as the “Mosquito Atlas" in Germany (Mückenatlas 2019) and the “Mosquito 
Recording Scheme” (MRS 2019) in the UK, or through smartphone-based 
mosquito data collection applications (the so called “passive” monitoring), such 
as the “Mosquito Radar" (Muggenradar 2019) in the Netherlands, the “Mosquito 
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Alert” (2019) (hunting the tiger) in Spain, the “iMoustique®” in France, the 
“Mosquito WEB” (2019) in Portugal, and the ZanzaMapp (2019) in Italy. 

The results of some of these projects, recently reviewed by Kampen and 
colleagues, demonstrated that public mosquito surveillance, despite some 
limitations mainly represented by the inexperience of volunteers, can usefully 
supplement surveillance programmes by: 

1. Substantially reducing the field work costs 

2. Collecting data in such a quantity that conventional research groups would 
not be able to generate by themselves 

3. Raising awareness and improving knowledge amongst citizens on invasive 
species and associated public health problems 

4. Detecting the arrival and the spread of Ae. albopictus and other invasive 
mosquito species populations in various European areas (Kampen et al. 2015). 

Hence, such citizen science projects can help public agencies with the 
monitoring and control efforts of invasive mosquito species (Jordan et al. 2017; 
Palmer at al. 2017). 

Mosquito management activities are frequently ineffective because some 
mosquito species, as is the case of Ae. albopictus, breed in human-made water 
containers, mostly located within private-access properties and areas, making the 
required action within the target area (egg or adult monitoring, sanitization and 
control of larval breeding sites, etc.) very complex, if not impossible, to be 
achieved. A mosquito community-based monitoring network could facilitate the 
monitoring on such private properties, and also help in the successive 
implementation of area-wide mosquito population suppression programmes that 
can include eco-friendly approaches such as the Sterile Insect Technique (SIT) or 
the Incompatible Insect Technique (IIT). 

The SIT, which is based on the mass-rearing and release of sterile male-only 
insects that induce sterility in the local population, has been successfully applied 
against the New World screwworm fly and several fruit flies, tsetse flies, and 
lepidopteran species (Dyck et al. 2021). 

The IIT is an alternative population suppression strategy, based on 
cytoplasmic incompatibility (CI), widespread in many diplodiploid species. With 
IIT the sterility in the target population is achieved through the release and mating 
of males infected with a different Wolbachia strain, which results in embryonic 
lethality (Saridaki and Bourtzis 2010; Lees et al. 2015). 

The absence of effective vaccines against mosquito-borne diseases and the 
problem of growing insecticide resistance in mosquito populations (Sokhna et al. 
2013; Vontas et al. 2012) have made the SIT, the IIT, and related approaches 
potentially promising components of area-wide integrated vector management 
(AW-IVM) programmes for some key mosquito species (Lees et al. 2015; 
Bourtzis et al. 2016). 
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Ae. albopictus is a suitable candidate species for SIT and/or IIT application 
because of its relative ease of mass-rearing, its sexual dimorphism that facilitates 
sex separation, and its low biological dispersal potential (Bellini et al. 2007, 2013; 
Albieri et al. 2010; Marini et al. 2010; Balestrino et al. 2014; Gilles et al. 2014). 

In this paper, we present a community-based mosquito monitoring approach 
that we are developing on Procida, a Mediterranean island in southern Italy. We 
are collecting, with citizen involvement, baseline data and setting-up the optimal 
social and technical working environment for future Ae. albopictus population 
suppression experiments by the SIT and/or the IIT (Bourtzis et al. 2016). 


2. PROCIDA ISLAND 


Procida is a small island of the Phlegraean archipelago, situated in the Naples 
gulf, about three km from both the mainland and Ischia Island. It is a flat volcanic 
island (average 27 m above sea level) with a 16 km-long jagged coastline which 
forms four capes and with a total surface area of only 4.1 km?, including the 
uninhabited tiny satellite island of Vivara (0.4 km?). Except for Vivara, which is 
a natural reserve, Procida's territory is quite urbanized and accessible. 

Most of Procida's private properties include a garden with ornamental 
flowers, vegetable cultivations and/or orchards with citrus plants and family-type 
farming of chickens and rabbits. Despite its small surface, Procida has a very high 
and urban-like population density with 10.477 inhabitants (2459 inhabitants/km? 
- ISTAT 28/02/2017). This human population density approximately doubles 
during the summer months, because of tourism, which is the current main local 
economic activity. 

According to the perception of residents, Ae. albopictus arrived on the island 
around the year 2000, most probably introduced by tourists and/or maritime 
transport of goods. Thanks to very favourable host and climatic conditions, with 
an average annual temperature of 16.2?C and an average annual precipitation of 
797 mm (http://bit.ly/ecdata_procida; accessed: 07^ May 2018), and very 
abundant availability of water containers in private gardens, Ae. albopictus spread 
quickly over the entire island, reaching high population densities in some areas 
and becoming a serious nuisance in the last years. 

Procida has unique and very interesting features for field testing of mosquito 
IVM including the SIT or the IIT: a very small size, a completely urbanized and 
accessible territory, a high human population density and year-round presence of 
Ae. albopictus. The island has obtained a world-famous reputation, due to several 
novels and films that were set there, which could help provide wide media 
coverage in the case of very positive population suppression results, that could 
facilitate fundraising for future larger population control tests. 

Furthermore, many Procida citizens are aware of the SIT approach and of its 
advantages and effectiveness in insect pest control programmes. In fact, during 
the 1970's and 1980's, Procida island was chosen as an experimental area to study 
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the field performance of sterilized male Mediterranean fruit fly Ceratitis capitata 
from a genetic sexing strain (Robinson 2002) in a cooperative programme between 
the Italian National Committee for Research and Development of Nuclear Energy 
(ENEA) and the International Atomic Energy Agency (IAEA) (Cirio 1975; Cirio et 
al. 1987). About 20 million sterile Mediterranean fruit fly males were released on 
the island from April to July 1986 and the population suppression obtained, linked 
with the protection of citrus fruits, was positively perceived by the residents for 
several years thereafter. 


3. FIRST RECORD OF Aedes albopictus ON PROCIDA ISLAND 


Official data about Asian tiger mosquito presence in the Phlegraean islands (islands 
in the Gulf of Naples and the Campania region of southern Italy) are available only 
for the satellite island of Vivara, where Ae. albopictus was detected for the first time 
in 2002 (D' Antonio and Zeccolella 2007). 

In September 2015, an entomological field survey was undertaken in five private 
properties and five tourist facilities to confirm the presence of Ae. albopictus on 
Procida island and to obtain preliminary data about its distribution (Fig. 1A). 


isoladel Giglio 


Ventotene 


Procida 


Ustica 


Pantelleria 


Linosa 


Lampedusa 


Figure 1. A) Aedes albopictus field sampling sites on Procida island in 1-3 September 
2015. Locations 1-10 are listed in Table 1. B) Italian minor islands were the presence of 
Ae. albopictus has been officially reported. 
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Modified CDC light traps (CDC-LT) were used for the field sampling (Reisen et 
al. 2000; Li et al. 2016), without standard light source and baited with dry ice. CDC- 
LTs were placed in shaded locations in courtyards of private houses with rich 
vegetation for three days, in the period 1-3 September 2015 (26.3?C average 
temperature, 75% average humidity, 7.6 km/h average wind speed). Traps were 
activated each day from 8.00 h till 20.00 h. Deployment and inspection of the CDC- 
LTs were hampered by the frequent bites of Ae. albopictus to the trap operators. 

A total of 240 adult mosquitoes were collected in eight out of 10 CDC-LTs. Adult 
Aedes mosquito specimens were identified using morphological characteristics 
(Schaffner et al. 2001) and a summary of the number and sex of Ae. albopictus trapped 
at each site is given in Table 1. A total of 216 Ae. albopictus adults were sampled (169 
females and 47 males) with the remaining 24 mosquitoes identified as males and 
females of Culex pipiens L. and Culex laticinctus Edwards (Di Marco and Severini, 
unpublished results). 


Table 1. Aedes albopictus sampled with CDC-LTs in 1-3 September 2015 on Procida island 


Trap Site Coord. Coord. Aedes Aedes Other 
No. Name N. E. albopictus albopictus Mosquitoes* 
males females 
Edificio 40°48’ 14°01’ 
l Scolastico 39.1” 27.8” 3 en Ze 
Madonna ones ony? 
2 | della ee Ber 2 7 0 
Libera ` ` 
Camping g à 
— | 40?45 14°00 
3 qium 38.6" 36.3” " : Š 
Serra 
Tirreno 40°46’ 14°01’ 
^ | Residence | 05.1" 03.7" l B A 
: 40°46’ 14°01’ 
3. | VERIS: | ogg" 03.0" l : , 
40°45’ 14°01’ 
6 Olmo 27.0" 10.3" 37 48 0 
Chiaio- 40°45’ 14°00’ 
7 lella 17.5" 30.7" ? 3 l 
Hotel 40°45’ 14°00’ 
n Riviera 10.9" 32.3" 2 19 q 
Camping 40°45’ 14°01’ 
3 Vivara 21,2” 02.2” y 0 ? 
Via dei 40°45’ 14°01’ 
M | Bagni 34.3” 19.0” y 4 y 
Total 47 169 24 


* Culex pipiens L. and Culex laticinctus 
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Trap site number 6, named “Olmo”, represents an interesting hot spot of Ae. 
albopictus density as well as a “prototype” of the typical family-type garden on 
Procida island. This site is comprised of a 0.09 ha garden with cultivation of 
vegetables and farming of chickens and rabbits. In this garden three big water 
containers were identified that were utilized for the irrigation of the vegetables. 
The containers contained hundreds of mosquito larvae of various developmental 
stages and pupae. 

Larvae and pupae were collected, transported alive to the laboratory at 
Department of Biology, University of Naples Federico II, and reared until 
adulthood resulting in 57 males and 118 females of Ae. albopictus. 

Our Ae. albopictus record represents the first official report of this species on 
Procida island and these data are added to the recent record of the occurrence of 
the Asian tiger mosquito on other six Italian minor islands: Isola del Giglio 
(Toscana), Ventotene (Lazio), and Ustica, Lampedusa, Linosa and Pantelleria 
(Sicilia) (Fig. 1B) (Romi et al. 2016; Toma et al. 2017). 

Other Mediterranean islands with reported presence of Ae. albopictus 
mosquitoes are the Maltese islands (Gatt et al. 2009) and the Balearic Islands of 
Mallorca, Ibiza and Minorca (Spain) (Miquel et al. 2013; Barceló et al. 2015; 
Bengoa et al. 2016). 


4. THE PUBLIC SURVEY ON PROCIDA ISLAND OF THE MOSQUITO 
PROBLEM 


During the entomological survey on Procida Island in September 2015, a public 
survey was likewise conducted to evaluate the perception by Procida inhabitants 
ofthe Asian tiger mosquito problem and their interest to support and to participate 
in area-wide programmes to control this insect. The public survey was a crucial 
step to start informing citizens about our project and to create the first positive 
relationship with local people interested and sensitive to the mosquito problem. 

We interviewed, using a paper-based questionnaire, 200 randomly selected 
people (about 296 of the total island population; see Table 2). We obtained a very 
high participation rate with 200 out of 213 people who accepted to participate in 
our survey (94%). A list of the questions of the survey and their responses is 
reported in Table 3. 

According to 7096 of respondents, the abundance and hence the problem of 
mosquitoes in Procida has increased in the past 10 years. Most inhabitants spend 
on average more than one hour a day in green areas or outdoors, and about 5096 
of respondents were forced to limit the time spent outdoor activities because of 
the mosquitoes. Seventy-seven percent of respondents were aware of the nature 
of mosquitoes as human disease vectors and about a quarter of respondents know 
people who needed medical assistance because of a mosquito bite. Eighty five 
percent of respondents attempted to limit mosquito bites using electric diffusers, 
mosquito nets or chemical repellents. 
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Table 2. Sample classification from the survey of Procida inhabitants on the Asian 
tiger mosquito problem 


Survey sample characteristics (N = 200) 


Gender Male Female 
|103 97 
Residence Local resident Tourist 
171 29 
Age 18-39 years 40-64 years 64+ years 
E [90 |25 
Occupation | Unemployed | Employed | Retired | Student 
40 120 26 14 


By contrast, very few respondents make active efforts to curtail the 
proliferation of these insects through the reduction of larval breeding sites (only 
3% of respondents use larvicide products to dissolve in water and only 11% 
remove water containers from their houses or gardens). 

Eighty eight percent of respondents were in favour of a mosquito control 
programme on Procida, although only 4496 of people surveyed agreed to the 
installation of monitoring traps on their private properties. A third of respondents 
agreed to contribute economically to the project, and 25% of respondents would 
be interested to commit themselves as volunteers to the realization of the project 
(contributing from one to 24 hours per week). 


5. THE PROCIDA COMMUNITY-BASED APPROACH 


Considering the specific features of Procida island and the positive response from 
locally interviewed inhabitants and tourists, in 2016 we decided to start an Ae. 
albopictus systematic monitoring project, involving the local municipal 
administration and citizens, with the aim to collect baseline data to fully 
characterize the Procida site for a future SIT-based area-wide suppression 
programme. 

We developed a multi-step approach plan, to progressively increase the citizen 
and administrator participation in the project, which includes three main phases: 
e Phase 1: Monitoring over one year using ovitraps to define the temporal 

dynamic of the Ae. albopictus population on the island. 

e Phase 2: Higher-density ovitrap monitoring to capture the spatial distribution 
of the mosquito on the island, possibly identifying hot spots. 

e Phase 3: Estimation of local mosquito population density by mark-release- 
recapture (MRR) experiments. 
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Table 3. Responses to survey questions on the Asian tiger mosquito problem by Procida 
inhabitants 


Survey question 


Responses (percentages) 


programme in Procida? 


1. Over the past decade, the mosquito problem in increased decreased the same don't know 
Procida has: 
70.5 2.0 15.5 12.0 
2. Is there a garden or green area in your estate? Yes No 
Tla 22.5 
3. [n your estate the presence of mosquitoes is: abundant medium scarce absent 
35.0 44.5 17.0 3 
4. How much time do you spend on average <1 hour Sihon iodine 
every day in a green area/garden? 
18.0 71.5 10.5 
Yes No 
5. During summer, are you forced to give up 50.5 49.5 
outdoor activities because of the mosquitoes? i ` 
6. Did It happen that you or any of your relatives 
and/or friends had to go to the doctor for a 75.0 25.0 
mosquito bite? 
7. Do you know that the Asian tiger mosquito can 
docs : 76.5 23.5 
transmit viral diseases to humans? 
8. Do you use protective measures against 84.5 15.5 
mosquitoes? 
8a. Do you use electric diffusers? 57.5 42.5 
8b. Do you remove standing water? 10.5 89.5 
8c. Do you use mosquito nets? 53.5 46.5 
8d. Do you use larvicides? 3.0 97.0 
8e. Do you use insect repellents? 44.5 55.5 
9. Would you welcome a regional/municipal 
i 88.0 12.0 
mosquito control programme? 
10. Would you agree to the installation in your 
property of traps for the capture and monitoring 43.5 56.5 
of mosquitoes? 
11. Would you agree to contribute personally to 33.0 67.0 
the financing of a mosquito control project? ` ` 
12. Are you interested in participating, as a 
volunteer, to a mosquito monitoring and control 25.0 75.0 


Following a numbered list of planned steps to be carried out, the main results 


obtained to date are: 
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. Contact with local administration: Consultations with the Procida major and 
municipal counsellors to explain the various aspects of the project and to 
request logistic support from the Procida municipal administration. 

. Information campaign: Implemented on the island by the distribution of 
pamphlets to inform Procida citizen about the project and to invite them to 
participate. 

. Active mosquito monitoring by citizens — 1: A public assembly was organized 
in collaboration with the Procida municipal administration to select volunteers 
for the first project phase. Twelve persons, including the major and two 
municipal counsellors were involved as volunteers in the ovitrap monitoring 
programme (April 2016-May 2017). These volunteers were trained over a 
one-week period after which they managed 16 out of 26 ovitraps 
autonomously over 13 months, reporting weekly mosquito collections 
(Fig. 2). During the 13 months of monitoring, a total of 44 245 Ae. albopictus 
eggs were collected that were subsequently transported to the Department of 
Biology of the University of Naples Federico II for counting and species 
identification. 

. Media coverage: In collaboration with the press office of the Procida 
municipal administration press releases about the project were issued. 
(http://bit.ly/press releasel; http://bit.ly/press_release2; 
http://bit.ly/press_release3; http://bit.ly/press release4; 
http://bit.ly/press_release5). 

. Official agreement between institutions: An official memorandum of 
understanding (MoU) was signed between the Procida municipal 
administration and the Department of Biology of the University of Naples 
Federico II for the implementation of the project on the island. 

. Crowdfunding campaign: A crowdfunding campaign was launched to collect 
funds and to further diffuse the project between Procida inhabitants 
(http://bit.ly/crowdfunding procida). 

. Active mosquito monitoring by citizens - 2: A second public assembly was 
organized in collaboration with the Procida municipal administration to select 
volunteers for project phase 2 from July 2016 to September 2016. We 
successfully involved 79 families to allow deployment of 101 ovitraps on their 
private properties all over the island. A total of 40 811 eggs were collected 
during two weeks in July and two weeks in September 2016. 

. Passive mosquito monitoring by citizens: We utilized the mobile application 
ZanzaMapp (2019) developed at the University of Rome La Sapienza, to 
involve citizen as well as tourists in the passive monitoring of mosquitoes. An 
entomological survey was performed on the island at the same time to validate 
the data obtained by the citizens and tourists using the ZanzaMapp app 
(September 2016). 
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Figure 2. Volunteers and researchers during Aedes albopictus monitoring phase 1 on 
Procida island. 


9. Active mosquito monitoring by citizens - 3: A third public assembly was 
organized with citizens in collaboration with the Procida municipal 
administration to select volunteers for project phase 3. We successfully 
involved 12 families to allow placement in their gardens of ovitraps, CDC- 
light traps, Biogents BG-Sentinel traps, sticky traps and human landing 
catches stations to set up optimal conditions to perform a mark-release- 
recapture test in an area of the island selected as a potential SIT testing site 
(September 2017). 

10. School involvement: Procida primary and secondary school students have 
been involved in a collaborative didactic project aimed at the diffusion of 
knowledge about Asian tiger mosquito. Students were asked to actively 
participate in a sanitation campaign to reduce Ae. albopictus larval breeding 
sites in their home properties (October 2017-June 2018). 

11. Active mosquito monitoring by citizens - 4: Ten volunteers were selected for 
the management of a permanent mosquito monitoring network on the island 
using 20 ovitrap and 20 low-cost weather stations (April 2018-May 2019). 
Volunteers collected eggs weekly and eggs were counted using stereo- 
microscopes. Data resulting from counting were uploaded by students in an 
ad-hoc online database. The collected eggs were sent monthly to the 
University of Naples Federico II to validate the counts. 
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6. CONCLUSIONS 


Mosquitoes are considered among the deadliest animals on earth and invasive 
mosquito species, such as the Asian tiger mosquito, represent a special concern in 
view of their ability to adapt to new habitats world-wide and to transmit several 
serious diseases to humans. Managing the public health threat represented by 
mosquitoes is not only a matter of vector control but also of influencing or 
modifying public behaviour. 

The involvement of civil society in research projects, the so-called citizen 
science, represents an interesting opportunity in this context to mobilize support, 
with the possible reductions in working costs, as well as increasing capillarity in 
the target area. At the same time, it could increase public awareness about the 
mosquito problem and about virtuous control efforts that could limit mosquito 
spread (Fig. 2). 

Procida Island has a unique combination of key features that makes it an ideal 
“open-space laboratory" to study the effectiveness of surveillance and 
suppression methods, including the SIT and similar tools as part of an AW-IVM 
approach against Ae. albopictus. The project on Procida Island began as a pilot 
study in 2015, with a limited group of volunteers and resources. We successfully 
involved the Procida administration and about 200 local inhabitants. 

Through the action of a dedicated team of full-time professionals and the 
participation of an increased numbers of volunteers, we started the collection of 
baseline data about the spatial and temporal population dynamics of Ae. 
albopictus. 

We aim in the near future to utilize these collected data, the know-how 
obtained, and the network of established interactions with citizen and the local 
municipal administration, to extend the approach to the whole territory of the 
island. Our long-term and most ambitious objective is to obtain a consistent 
suppression of the population of this invasive species on Procida to help the local 
economy, which is mainly based on tourism. Furthermore, we aim to promote the 
application of a SIT-based mosquito integrated management approach, 
empowered by active community engagement and participation, on other islands 
of Campania Region (Ischia and Capri), and eventually on the mainland. 
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SUMMARY 


Despite a long-running and comprehensive national dengue control programme, Singapore continues to 
experience regular outbreaks of dengue. The Environmental Health Institute of the Singapore National 
Environment Agency (NEA) is thus evaluating a Wolbachia-based combined Incompatible and Sterile 
Insect Technique approach (IIT/SIT) as a dengue control strategy. This approach involves field releases of 
irradiated male Wolbachia-carrying Aedes aegypti (L.) mosquitoes, with the aim of further suppressing the 
urban Aedes aegypti mosquito population and reducing dengue transmission. Since the beginning of our 
project, we considered community education and engagement as a key factor for the success of the field 
studies. We have therefore conducted extensive groundwork to share and consult with, and engage a wide 
range of stakeholders, including residents at the study sites, the general public, the medical and scientific 
communities, and government agencies. In this chapter, we outline our strategy for engaging residents at 
the study sites and the general public (two primary stakeholder groups), focusing on the key principles 
around which we have built our approach. 


Key Words: Mosquitoes, Aedes albopictus, Wolbachia, cytoplasmic incompatibility, Incompatible Insect 
Technique, Sterile Insect Technique, outreach, community education, public mobilisation, high-rise urban 
environment, public housing apartments 


1. INTRODUCTION 


Alongside rapid urbanisation and increased global travel, the worldwide incidence of 
dengue has risen dramatically in recent decades. Today, around 3900 million people 
in 128 countries are at risk of contracting the disease, with an estimated 390 million 
annual infections worldwide (Bhatt et al. 2013). 

In Singapore, the four serotypes of dengue virus are transmitted between humans, 
mainly by Aedes aegypti (L.), the yellow fever mosquito, with Aedes albopictus 
(Skuse), the Asian tiger mosquito, as a secondary vector. Reflecting the global 
situation, dengue transmission in Singapore correlates with the presence of Ae. 
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aegypti, whilst areas with Ae. albopictus alone are associated only with isolated 
dengue cases (Hapuarachchi et al. 2016; Ong et al. 2019). 

Singapore's long-running and comprehensive dengue management programme, 
which has a strong focus on source reduction and environmental management, now 
maintains the Aedes House Index (the percentage of properties in which breeding sites 
are detected, Ong et al. 2019) at low levels of around 2%. Yet, despite effective 
suppression of the Aedes mosquito vector populations, Singapore continues to 
experience regular dengue outbreaks, with explosive ones—associated with switching 
ofthe predominant dengue virus serotype (Lee et al. 2010) —occurring in 2005, 2007, 
and 2013-2014. 

The continued susceptibility of Singapore's population to dengue outbreaks may 
be attributed to multiple factors, including: a highly urbanised, high-density, and high- 
rise environment; reduced herd immunity after decades of low local dengue 
transmission; transmission outside homes, such as at schools and workplaces; and the 
presence of cryptic (or unusual) Aedes mosquito breeding sites that are difficult to 
detect (Dieng et al. 2012; Low et al. 2015), amongst others. These challenges, coupled 
with the absence of approved antivirals and an effective vaccine against dengue, 
highlight the urgent need for novel and sustainable vector and dengue control 
approaches. 

One new approach, currently being tested in field trials in Asia, the Americas, 
Australia, and the Pacific islands, involves the release of Ae. aegypti mosquitoes 
carrying the Wolbachia bacterium (McMeniman et al. 2009). In Singapore, the 
Environmental Health Institute (EHT) of the National Environment Agency (NEA) is 
trialling since 2016 a Wolbachia-based combined Incompatible and Sterile Insect 
Technique (IIT/SIT) approach, involving releases of irradiated male Wolbachia- 
carrying Ae. aegypti (Wolbachia-Aedes) mosquitoes (Lees et al. 2015; Bourtzis et al. 
2016; Dyck et al. 2021). As the eggs resulting from mating between released male 
Wolbachia-Aedes mosquitoes and female urban Ae. aegypti mosquitoes are non- 
viable, the initiative, termed ‘Project Wolbachia — Singapore’, ultimately aims to 
further suppress mosquito populations and hence the risk of dengue transmission 
(Liew and Ng 2019; NEA 20192). Irradiation is used to sterilise the small percentage 
of female Wolbachia-Aedes mosquitoes remaining after sorting mass-reared pupae, 
thus preventing population replacement stemming from their release (Bourtzis et al. 
2016; Lees et al. 2021). 

Project Wolbachia — Singapore's IIT/SIT approach aligns well with Singapore's 
long-standing emphasis on mosquito population suppression, and is intended to 
complement traditional vector control measures, such as mosquito breeding habitat 
removal, space spraying with insecticides, and entomological surveillance. Existing 
Singapore legislation provides for NEA to produce Wolbachia-Aedes mosquitoes for 
research purposes, and the approval for releases of these male mosquitoes was 
obtained at the ministerial level. 

Singapore has a high human population density of almost 8000 people per km?, 
and more than 80% of the population lives in public housing apartments (SingStat 
2019). This makes Project Wolbachia — Singapore the first trial in the world to use 
the technology in such a high-rise, high-density urban environment. 
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In addition to rigorous laboratory studies and risk assessment, community 
engagement has been an integral component of Project Wolbachia — Singapore since 
its inception. Since 2012 (well before field releases commenced in 2016), EHI has 
carried out extensive groundwork to share and to consult with, and engage 
stakeholders, including residents at the study sites, the general public, the medical and 
scientific communities, schools and tertiary institutions, and government agencies. 

These efforts continue today, as Project Wolbachia — Singapore trials advance 
in stage and scope. As of December 2019, trial releases accompanied by community 
engagement activities have been conducted in two study sites of 163 and 121 high- 
rise apartment blocks respectively (Fig. 1), covering a total of 27 600 households. 
Here, we present an overview of our strategies for dialoguing with residents at the 
study sites, and the public, with an emphasis on the key community engagement 
principles that have guided our approach. 


2. PROJECT WOLBACHIA — SINGAPORE COMMUNITY ENGAGEMENT 
PRINCIPLES 


Community engagement is essential to the testing and future use of novel vector 
control technologies involving the release of modified mosquitoes. While there are 
differences in country contexts and technologies used, studies on the design, 
implementation and evaluation of such community engagement programmes 
emphasise common principles, such as inclusive public engagement and consultation, 
transparency, and tailoring the engagement to the local audience (Subramaniam et al. 
2012; McNaughton and Duong 2014; Ernst et al. 2015; Kolopack et al. 2015). 

To achieve effective and respectful outreach for Project Wolbachia — Singapore, 
we developed a framework for engaging residents and the public based on the 
principles laid out in this Section. This framework also builds upon existing 
professional collaborations in research and dengue management, as well as long- 
standing outreach efforts urging the general public to remove and destroy Aedes 
mosquito breeding habitats in their homes (NEA 2019b). 

Whilst this chapter focuses on residents at the study sites and the general public, 
it should be noted that our community engagement efforts also extend to other 
stakeholder groups. For example, we conduct scientific seminars, lectures, and 
workshops to inform and consult the scientific and medical communities about 
Wolbachia-Aedes technology. We additionally consult with international experts to 
share knowledge and key findings, and also hold seminars and workshops to engage 
stakeholders in the government, including agencies with functions in public health 
and the environment. The feedback received from all stakeholder groups has been 
instrumental in shaping our outreach and deployment strategies. 
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Source: SLA Ore Map 


Figure 1. Project Wolbachia — Singapore study sites as of December 2019. Trial releases of 
male Wolbachia-carrying Aedes aegypti mosquitoes, accompanied by community engagement 
activities, have been conducted in 163 high-rise apartment blocks at Nee Soon East (top) and 

121 at Tampines West (bottom), covering a total of 27 600 households. 
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2.1. Transparent, Clear and Consistent 


Project Wolbachia — Singapore involves the release of male Wolbachia-Aedes 
mosquitoes in close proximity to residential dwellings. We thus endeavoured to make 
our community engagement as accurate and clear as possible, so that residents and 
the public are well informed about the intervention taking place in their 
neighbourhoods and the possible effects that this may have on their households. 

Importantly, our community engagement got off to an early start. We initiated 
outreach activities in 2012, in parallel with our laboratory studies and risk assessment 
of the Wolbachia-Aedes technology, well before the first male Wolbachia-Aedes 
mosquitoes were released in 2016. This allowed time for members of the public to 
familiarise themselves with Aedes mosquito biology and behaviour, such as the fact 
that male mosquitoes do not bite, and with Wolbachia-Aedes technology in general. 
We also had sufficient time to address potential issues raised by stakeholders; for 
example, we conducted laboratory studies to confirm that male Wolbachia-Aedes 
mosquitoes do not lose the Wolbachia bacterium as they age, a concern that was raised 
by an expert entomologist. 

Given that public messaging in Singapore has for decades emphasised the 
importance of keeping mosquito populations low, the proposed strategy of releasing 
large numbers of male Wolbachia-Aedes mosquitoes may be seen by some as 
counterintuitive. Thus, we sought to ensure that Project Wolbachia — Singapore's 
purpose and goals—that the mosquito releases, together with existing control methods 
being applied, are compatible and intended to further suppress mosquito 
populations—were clearly communicated to the public. 

To avoid conflicting messaging, consistency is also key. For example, residents at 
the release sites are encouraged to remain vigilant and continue practising standard 
mosquito control activities, such as turning over pails and flowerpots, and clearing 
roof gutters. Residents are also advised to kill adult mosquitoes as they normally 
would. 

As Project Wolbachia — Singapore scaled up and progressed to more advanced 
stages (NEA 2018a, 2019c), we also delivered prompt updates to keep the public 
abreast of new developments. These developments included the releases of male 
Wolbachia-Aedes mosquitoes at higher floors, in addition to the releases at the ground 
floors; collaborations with private sector companies to incorporate technologies such 
as automated devices for mosquito production, sorting, and release (NEA 2018b); and 
the use of irradiation post-pupal sorting to sterilise any female Wolbachia-Aedes 
mosquitoes remaining from the rearing process among the males to be released (NEA 
20182). 

We have endeavoured to provide members of the public with adequate 
information, so that they can develop informed opinions on the risks and benefits of 
Project Wolbachia — Singapore. At the same time, we also sought to present this 
information in a manner that is accessible to individuals without scientific training. 
Striking this balance is important so that key messages are not obscured by technical 
details and scientific jargon yet remain accurate. 
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2.2. Science-based and Educational 


Misinformation is a common source of fear and doubt surrounding new technologies. 
Our community engagement thus aims to demystify the Wolbachia-Aedes technology, 
by equipping the public with a strong understanding of the scientific concepts behind 
it. 

In our outreach materials and engagement sessions, we use accessible language 
and infographics to explain concepts such as the origin and natural occurrence of the 
Wolbachia bacterium, cytoplasmic incompatibility, and how the release of male 
Wolbachia-Aedes mosquitoes will lead to a reduction in Ae. aegypti mosquito 
populations. Project Wolbachia — Singapore scientists and technicians were also 
heavily involved in outreach and were often on-site during door-to-door house visits, 
dialogue/outreach sessions and roadshows, to answer any questions related to the 
technology. 

Where possible, we also created hands-on experiences for the public to learn about 
Wolbachia-Aedes technology. For example, participants at our roadshows and 
dialogue/ outreach sessions were encouraged to place their hands into transparent 
Perspex boxes containing male Wolbachia-Aedes mosquitoes, so that they could 
experience for themselves that male mosquitoes do not bite. We also organise regular 
tours of NEA's Wolbachia-Aedes mosquito production facility (Fig. 2), where 
members of the public learn how mosquitoes are reared, sorted, and prepared for 
release. 


Figure 2. Environmental Health Institute (EHI) researchers conducting a tour of the National 
Environment Agency's (NEA 's) Wolbachia-Aedes mosquito production facility for members 
of the public, during a Project Wolbachia — Singapore learning journey. 
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As children and the youth community are often readily engaged and may also 
proactively help convey information to their families, we also hold sharing sessions 
at schools and tertiary institutions. Additionally, we have been engaging childcare 
centres (Fig. 3), and have been working with schools located within the release sites, 
to provide hands-on lessons related to Project Wolbachia — Singapore, including the 
release of male Wolbachia-Aedes pupae around school premises, and the 
identification of mosquitoes trapped by Gravitraps. 
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Figure 3. A Project Wolbachia — Singapore show-and-tell session for young children at a 
childcare centre. 


Such citizen science initiatives have increased scientific understanding, and, by 
allowing participants to contribute directly, have helped build acceptance and a sense 
of ownership for the project. 


2.3. Comprehensive and Inclusive 


Given the need to reach out to people with diverse backgrounds, needs, and concerns, 
we set out to make our engagement programme as comprehensive and inclusive as 
possible. To reach a greater number of target groups, we employed multiple tiers of 
communication strategies, with varying levels of detail and engagement. 
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Informational brochures, distributed to all residents and stakeholders at study/ 
release sites (Fig. 4), are used to convey short, key messages explaining the 
Wolbachia-Aedes technology and addressing what residents can do to help keep 
mosquito populations low. 


Figure 4. Informational brochures for distribution to residents and all stakeholders at the 
study/release sites. 


These brochures use accessible language and infographics, and, given Singapore's 
multicultural landscape, are available in English, Mandarin, Malay and Tamil - the 
country's four official languages (Fig. 5). 

More detailed information on the technology, releases, and trial results was made 
available through media releases (NEA 2018a, b, 2019c, d, e) and features in 
mainstream media (Co 2019; The Straits Times 2019), as well as via social media and 
other public communication channels (e.g. documentary features) (National 
Geographic Asia 2019). Members of the public interested in learning more can also 
visit NEA’s Wolbachia website (NEA 2019a) for technical details, including 
scientific literature. 

Besides disseminating information, we also conduct numerous face-to-face 
engagement activities, to engage residents more thoroughly and better understand 
their concerns. These activities include educational sessions in schools and pre- 
schools, door-to-door house visits, coffee chat sessions, apartment block and garden 
parties, roadshows in locations with heavy footfall (e.g. marketplaces, community 
centres, and shopping malls) (Fig. 6), and mosquito production facility tours. 
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‘Project Wolbachia — Singapore' progresses to 
Phase 3 field study in February 2019 


'Projek Wolbachia — Singapura’ akan melangkah ke kajian lapangan 
Fasa 3, bermula Februari 2019 
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Figure 5. A brochure for Phase 3 of Project Wolbachia — Singapore, with information 
translated into Singapore 's four official languages: English, Mandarin, Malay and Tamil. 
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PROJECT 


wOLBACHIA 


Figure 6. Outreach booths at public events/roadshows to showcase Project Wolbachia — 
Singapore. Top: At a shopping mall. Bottom: At a community centre, with Singapore’s 
Minister for the Environment and Water Resources, Mr. Masagos Zulkifli (far right). 
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At the time of writing, we have held more than 100 public engagement sessions to 
raise awareness, answer queries, and solicit feedback about Project Wolbachia — 
Singapore. To further extend the reach of our message, we engaged members of the 
public who are interested to help out as NEA Dengue Prevention Volunteers (DPVs), 
and who can then help to convey accurate information on Wolbachia-Aedes 
technology to their own networks within the community. 

Leveraging the increasing pervasiveness of digital media, we used websites, social 
media platforms, and videos (NEA 2019f, g, h) to complement our face-to-face 
outreach activities and increase exposure. As Project Wolbachia — Singapore scales 
up and the number of affected members of the public involved in the project increases, 
we foresee digital media playing an even larger role in our community engagement 
strategy. 

In developing activities to engage different groups and individuals, we relied 
strongly on our own local knowledge and experience gained, as well as that of leaders 
and residents in the community. At the same time, over the course of our outreach, 
we also learned through experience which engagement methods are the most effective 
and adjusted our strategy accordingly. For example, after one dialogue session with 
poor attendance, we shifted our strategy towards bringing our roadshows to where 
people are, rather than getting residents to go to a specific dialogue. 


2.4. Consultative and Responsive 


To promote Project Wolbachia — Singapore, an important scientific initiative that may 
result in tangible public health benefits, we adopted a consultative approach early on 
to respect the concerns and opinions of the public, taking seriously any feedback 
received from residents, members ofthe public, experts, and other stakeholders. Valid 
concerns (such as safety of the technology, potential negative ecological impacts, 
niche replacement by other mosquitoes, and unintentional release of female 
mosquitoes) were channelled into our risk assessment track, a parallel effort that has 
resulted in the publication of a risk assessment of the technology (Ng et al. 2017; NEA 
20199). 

Through house visits, roadshows, and dialogue sessions, we actively solicited 
feedback from residents and the public. We also consulted community or grassroots 
leaders, who have strong networks on the ground and a thorough understanding of 
residents’ concerns. Following detailed engagement sessions to explain Wolbachia- 
Aedes technology and understand and address concerns, we were able to obtain 
leaders" support, approval and advocacy. The spectrum of views and concerns we 
received informed our release and engagement strategies later on. 

We encouraged the community to learn more about the project and have also 
established mechanisms for the public to pose queries, voice concerns, and report 
incidents related to Project Wolbachia — Singapore. Feedback can be submitted via 
email, telephone hotline, an online reporting system, or verbally to our field officers. 
Our site managers also carry a dedicated mobile phone by which residents can reach 
them. 
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Our officers follow up on feedback received by contacting each case through 
house visits, telephone calls, or email, to learn more about and address their individual 
situations. During such follow-ups, we engage the respondents with information about 
Project Wolbachia — Singapore, as well as attempt to address the issues raised. For 
example, a few residents who reported increased irritation from male mosquitoes were 
advised to keep their windows and doors closed, or to kill the mosquitoes as they 
normally would. If residents report bites, field officers are typically deployed to 
inspect the area for mosquito breeding sites. 

Whilst these mosquitoes resulting from local breeding sites are unrelated to the 
release of male Wolbachia-Aedes mosquitoes, such feedback from residents has 
enabled us to find and eliminate mosquito breeding sites, an outcome that is consistent 
with the aims of Project Wolbachia — Singapore. 

By respectfully engaging dissenting views and responding promptly to public 
feedback, we hope to improve the ability of the public to make informed opinions, 
thereby enhancing acceptance of Project Wolbachia — Singapore. 


3. IMPORTANCE OF SITUATIONAL AWARENESS 


Like most field studies, trials of Wolbachia-Aedes technology may be affected by 
environmental factors such as the presence of mosquito breeding habitats, temperature 
and rainfall variations, and imported mosquito-borne infections. Proper situational 
awareness is therefore important for community engagement efforts to swiftly address 
concerns from the public when they arise. 

For example, a coincidental rise in the populations of other mosquito species (such 
as Culex quinquefasciatus Say) in the community, and a resulting increase in bites 
experienced, could lead to public doubts concerning Project Wolbachia — Singapore. 
In such cases, data on the population trends of the other mosquito species, together 
with an understanding of their biting behaviour and the detection of their breeding 
locations on site, could provide the evidence needed to be able to dissociate these 
experiences from the project. 

Dengue cases may also occur within study sites, complicating the messaging that 
Project Wolbachia — Singapore suppresses the dengue-transmitting mosquito 
population and hence potentially also the risk of disease transmission. A good analysis 
of the situation within and around each of these sites is thus critical, as most of these 
reported dengue cases may have resulted from infections outside the release sites — 
perhaps at school or at work— but were tagged to residential addresses within the 
sites. 

Thus, our community engagement team is working closely with field officers to 
gather and respond to all information received on mosquito populations, mosquito 
sightings, and dengue cases within and around study sites, with the aim of assessing 
the cause of all issues raised by the community. 
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4. FUTURE DIRECTIONS AND CONCLUSION 


Thanks to early and comprehensive community engagement, nationwide online and 
face-to-face street surveys conducted in 2016 (prior to the launch of Project 
Wolbachia — Singapore) found high levels of acceptance for Wolbachia-Aedes 
technology, with a high number of respondents indicating that they had no concerns 
with the release of male Wolbachia-Aedes mosquitoes in their neighbourhoods. As 
Project Wolbachia — Singapore scales up (NEA 2019c), an ongoing challenge will be 
to expand community engagement accordingly, whilst still maintaining its quality. 
Whilst face-to-face interactions will remain a mainstay of our engagement strategy, 
this is highly labour-intensive; in the future, engagement through digital and social 
media will be scaled up to reach larger segments of the population. To maintain 
quality and impact, it will be critical to continually evaluate our community education 
and engagement strategies, and to modify them when necessary (Jayawardene et al. 
2011; Healy et al. 2014). To this end, Project Wolbachia — Singapore as a whole, 
including the community engagement component, is regularly reviewed by an 
external panel comprising local and international experts (NEA 20190). 

We will also continue to conduct population surveys to ascertain public awareness, 
perceptions and attitudes towards Project Wolbachia — Singapore, which will allow 
us to further fine-tune our outreach and deployment strategies. Prior to the release of 
male Wolbachia-Aedes mosquitoes, a nationwide online survey conducted in 2016 
revealed that 94% of the population had no objections to the release of male 
Wolbachia-Aedes mosquitoes in their neighbourhoods, and a face-to-face street 
survey targeting older respondents (aged 40 years and above) revealed similar results 
— 8994 had no objections to such releases in their neighbourhoods, and 3196 had heard 
of the project through mainstream media. During the Phase 1 field study in 2016, a 
survey conducted showed that more than 7096 of the households interviewed had 
heard of our project, and more than 90% had no concerns with the releases. 

In summary, community engagement is increasingly recognised as a critical 
dimension of biomedical and global health research, as well as the social sciences, 
especially where novel technologies such as Wolbachia-based control methods are 
concerned. We believe that respectful, impactful community engagement is crucial 
for the success of Wolbachia-based technologies and is recognised by senior 
leadership as a key project priority. 
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SUMMARY 


Technical innovations can play an important role in the effective management of transboundary pests if 
they are well integrated with participation and collaboration by affected countries and coordinated by a 
centralised body. This is particularly relevant to those migratory pests that can easily and rapidly move 
across regions and continents to simultaneously threaten food security and livelihoods in numerous 
countries. Innovations to FAO's successful desert locust global monitoring and early warning system are 
highlighted and the lessons learned can be applied and adapted to other emerging transboundary threats 
such as the fall armyworm in Africa and the red palm weevil. 


Key Words: Schistocerca gregaria, transboundary plant pests and diseases, remote sensing, surveillance, 
forecasting, early warning, geographic information systems, unmanned aerial vehicles 


1. INTRODUCTION 


Transboundary pests are migratory insects and disease vectors that easily move from 
one country to another and can rapidly traverse regions and travel great distances to 
threaten crop production throughout the world. While the desert locust Schistocerca 
gregaria Forskal is probably the most well-known and best studied of the migratory 
insect pests, there are other notable transboundary pests such as the migratory locust 
Locusta migratoria (L.), the Moroccan locust Dociostaurus maroccanus (Thunberg), 
and Italian locust Calliptamus italicus (L.), as well as the red palm weevil 
Rhynchophorus ferrugineus (Olivier) and the fall armyworm Spodoptera frugiperda 
(Smith) that are becoming an increasing threat to agriculture and livelihoods in Africa 
and Asia (Fig. 1). 
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The desert locust is an ancient insect, dating from millions of years and coexisting 
with early man until the advent of cultivation, when it became what is considered 
today as the world's most dangerous migratory insect pest. The unique behaviour of 
the desert locust allows it to quickly take advantage of optimal environmental 
conditions by rapidly increasing in number and forming highly migratory swarms that 
can affect some 20 percent of the earth's land surface and livelihoods of millions of 
people in Africa, the Middle East and Asia. 


Figure 1. Major transboundary pests in Africa and Asia: Desert locust distribution area 
(red), fall armyworm (green), red palm weevil (blue), and migratory / Moroccan / Italian 
locusts in Central Asia (yellow) (source FAO DLIS). 


It was not until the early twentieth century that efforts began in earnest to 
systematically monitor the pest across its vast desertic habitat stretching from West 
Africa to India, consisting of some of the world's driest and remotest areas. In 1943, 
the Desert Locust Information Service (DLIS) was established in the UK, which was 
the basis for the future global forecasting and early warning system. The DLIS was 
responsible for the systematic collection and mapping of desert locust infestations so 
that seasonal breeding areas could be identified, and a better understanding could be 
gained about the formation of swarms and their migratory patterns. In 1978, FAO 
assumed the centralised responsibility of the DLIS. 


1.1. Desert Locust Biology and Behaviour 


Low numbers of isolated desert locust are present somewhere within its vast habitat 
throughout the year. This area includes about 30 countries and covers some 16 million 
km? of desert in North Africa, the Arabian Peninsula and south-western Asia (Fig. 2). 
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The individualistic solitarious adults and hoppers (the nymphal stage) are well- 
camouflaged to blend in with their environment as a means of protection from 
predators. The adults are passive fliers at night, drifting up to 400 km downwind. 
Often the winds bring the adults into areas of recent rainfall, which wets the sandy 
soil sufficiently for females to lay eggs that hatch after about two weeks. The resulting 
hoppers shed their skins (moulting) on about a weekly basis six times before 
becoming an adult. The entire lifecycle lasts about three months, but may last up to a 
half year, as adults may remain immature for months in low temperatures or in the 
absence of regular rains. Desert locust do not have a dormant stage, they do not 
overwinter, and eggs cannot survive from one year to the next. 
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Figure 2. Desert locust recession and invasion areas, and their seasonal migration patterns 
(source FAO). 


Locusts will quickly take advantage of exceptionally heavy and often short-lasting 
rainfall, whether localized or widespread, that cause ecological conditions to become 
favourable for breeding and survival. Once annual vegetation dries out, locusts tend 
to concentrate in those areas that still remain green, increase in density and form small 
groups that may fuse together and develop into hopper bands and adult swarms. This 
behavioural phase change is referred to as gregarisation. Swarms fly during the 
daylight hours, moving more than 200 km in a single day. This allows them to easily 
traverse Africa and to cross water bodies such as the Red Sea, the Mediterranean Sea 
and the Arabian Sea. They also can extend further north, south and east from their 
normal habitat and invade several dozen countries (Fig. 2). In October 1988, swarms 
migrated some 5,000 km across the Atlantic Ocean from West Africa to the Caribbean 
(Rosenberg and Burt 1999). 
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A single desert locust is able to consume its own weight, approximately 2 grams 
of food every day. A 1 km? sized swarm generally contains about 40 million adults 
(Pedgley 1981). The high number of locusts and their voracious appetite can pose a 
serious threat to agriculture and food security. To put this into perspective, a swarm 
the size of Bamako, Mali will eat the same amount of food in one day as half the entire 
population of Mali. Similarly, a swarm the size of Vienna will consume the same 
amount of food in one day as everyone in Austria and Switzerland, while a swarm the 
size of New York City will eat as much food in a single day as all the residents in the 
states of New York and Pennsylvania. 

Desert locust plagues do not develop overnight. Instead, they evolve from a 
serious of events in which locust numbers steadily increase. It starts with a calm 
period of recession, when locusts are normally present at low densities in semi-arid 
or arid areas, causing no significant crop damage, and hopper bands and swarms are 
absent. This is followed by localized outbreaks that may cover only a few hundred 
square kilometres within a single country. If an outbreak is not detected or controlled 
and if good rains continue to fall, then the outbreak could increase in size and expand 
into several neighbouring countries, leading to an upsurge. Similarly, if an upsurge is 
not controlled and rains continue, then a plague could develop on a regional, 
continental, or global level. Normally, gregarisation occurs after at least two 
successful generations of breeding. Several more successive generations must take 
place before the majority of the populations consist only of hopper bands and adult 
swarms. Therefore, it takes at least one year for a plague to develop. On the contrary, 
a plague can collapse very rapidly in a matter of months due to effective control, 
unusually low temperatures and a lack of rainfall. 

Desert locust recession and plague periods occur irregularly in response to the 
sporadic nature of rainfall in the desert. Since 1860, there have been nine plagues and 
major upsurges that were interrupted by periods of recessions and localised outbreaks 
(Symmons and Cressman 2001). These lasted from several months to several years or 
more (Fig. 3). 

The last major upsurge or regional plague occurred in 2003-2005. In addition to 
an unusually cold winter, it took nearly USD 600 million and 13 million litres of 
insecticide sprayed by ground and aerial campaigns to bring the plague under control 
(Brader et al. 2006). In West Africa, more than 8 million people were affected, up to 
100% of cereal crops were lost in some areas, and some 60% of household heads 
became indebted in Mauritania, while 90% of households in Burkina Faso received 
food aid. 


1.2. Climate Change Impact 


Changes in the climate will affect desert locust habitats, breeding, migration, and 
plague dynamics. It is well known that the current climate change is causing 
temperatures to increase. Warmer temperatures will extend the length of the summer, 
winter and spring breeding periods and allow desert locust eggs and hoppers to 
develop faster as long as this is associated with a continuation or increase of good 
rains. This is likely to be most pronounced during the winter and may allow an extra 
generation of breeding to take place (Cressman 2013). 
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Warmer temperatures could also potentially affect desert locust migration by 
allowing solitarious adults to fly longer during nights, especially during the colder 
portions of the year. Consequently, adults may arrive at a destination sooner or reach 
new areas further away. Warm temperatures could allow swarms to take off earlier in 
the morning, resulting in a longer period of flight during the day and a greater 
displacement distance. In other words, swarms could reach new places that have not 
been reachable up to now. Climate change could also allow swarms to fly higher than 
1800 m, which is the general limit of flight due to temperature. If this is the case, then 
the Atlas Mountains in north-western Africa, the Hoggar Mountains of Algeria, the 
Jebel Akhdar Mountains in northern Oman, the mountains in the interior of Iran, and 
the mountain ranges along both sides of the Red Sea may no longer be natural barriers 
that impede migration. On the other hand, if warmer temperature regimes were to 
become extremely hot, for example above 50?C, then desert locust presence and 
survival could become limited in some areas of the Sahara and the Arabian Peninsula 
(Meynard et al. 2017). 
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Figure 3. Desert locust plagues and recessions between 1860 and 2017 (source FAO DLIS). 


The impact of climate change on the spatial variability of rainfall in desert locust 
breeding areas remains unclear. There is some evidence that rainfall could increase 
during the summer in seasonal breeding areas of the northern Sahel in West Africa 
and in the Yemen interior that could cause locust numbers to increase faster than 
normal. There appears to be more widespread agreement concerning an increase in 
extreme rainfall events. 
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It is worthy to note that unusually heavy rains have been responsible for locust 
plagues in the past, such as a cyclone in 1968 in Oman that caused a plague the 
following year and widespread heavy rains from Senegal to Morocco in October 2003 
that led to a regional plague for the next two years. 

The effects of wind are less certain, but any changes in wind speed, direction and 
circulation flows are likely to affect desert locust migration and could allow adults 
and swarms to reach new areas. Warmer temperatures in combination with shifting 
wind patterns and decreased rainfall could permit new migration routes into Southern 
Europe and Central Asia. In general, however, further research is required to better 
understand the impacts of climate change and variability on the desert locust 
population dynamics and migration. 


2. MONITORING AND EARLY WARNING 


Locust-affected countries and FAO have adopted a preventive control strategy for the 
area-wide management of desert locust in order to reduce the frequency, duration and 
intensity of plagues (Fig. 4). Successful preventive control requires effective early 
detection and warning, rapid response, good communications and contingency 
planning. The former consists of monitoring weather, ecological conditions and desert 
locust populations on a regular basis throughout the vast recession area that stretches 
from the Atlantic coast in West Africa to western India. This is accomplished through 
observations made by ground teams during survey and control operations that are 
recorded and sent to the national locust control centres and, from there, to FAO's 
centralised global system operated by the DLIS in Rome (Fig. 5). 
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Figure 4. Desert locust preventive control strategy (source Magor et al. 2007). 
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Figure 5. Information flow in the FAO global desert locust early warning system (source 
FAO DLIS). 


Each locust-affected country is responsible for monitoring and controlling desert 
locust in its own territory. In most countries, a dedicated national locust centre within 
the Ministry of Agriculture and Plant Protection Department assumes these 
responsibilities. Specialized teams undertake ground surveys using four-wheeled- 
drive vehicles in the desert, looking for annual vegetation that may be green and 
harbouring desert locust hoppers or adults. 

If important infestations are detected, then control operations are immediately 
implemented to prevent the locust population from increasing further and spreading. 
The obvious challenge is to find and treat these relatively small localities within a vast 
and remote area that is devoid of infrastructure and inhabitants. This is further 
complicated by increased conflict and insecurity in many places, preventing national 
locust teams from undertaking the necessary survey and control operations. The DLIS 
plays an important role to guarantee a coordinated action amongst countries during 
periods of simultaneous outbreaks and the presence of swarms in more than one 
country. 

In the past, early warning was hampered by difficulties in accessing remote desert 
locust habitats and sending timely information. Although tremendous efforts were 
made to systematically map desert locust infestations and analyse changes in 
population dynamics, this was often hampered by information that usually took weeks 
or months to arrive from the field. As a result, it was impossible to provide advice for 
decisions to be made to allow responding on time. 

An effective early warning system for any transboundary pest relies on the 
transmission of geo-referenced data in real- or near real-time from the field to a 
centralised collection point where data can be analysed rapidly in order to provide 
timely and meaningful advice for decision makers. Timeliness becomes even more 
essential when dealing with a transboundary pest such as the desert locust that has the 
ability to rapidly increase in number and form swarms that can quickly move from 
one area to another. 
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3. INNOVATIONS 


The present state of the global FAO desert locust monitoring and early warning system 
is a direct function of continuous innovation. It has evolved alongside advances in 
communication, computer and spatial technologies during the past several decades. 


3.1. Advances in Communications, Geographic Information Systems and Transport 


At the beginning of the last major desert locust plague in 1987, telex was the primary 
communications means for countries to transmit data and reports from the field to the 
DLIS in Rome. Similarly, FAO used telex to send advice, warnings and monthly 
bulletins and forecasts. By the end of the plague in 1989, telex had been replaced by 
facsimile. Although this was an improvement because additional information formats 
such as tables and photos could be transmitted, it remained somewhat limited since 
not everyone had a fax machine. These limitations were overcome with the 
introduction of email in the mid-1990s and its widespread use from 2000 onwards. 
This was further expanded as a greater number of individuals began using personal 
computers and mobile phones. 

Until the mid-1990s, field data were plotted and analysed manually using paper 
maps, transparencies and coloured pencils. This tedious and labour-intensive system 
was replaced by custom-made geographic information systems (GIS) to allow rapid 
mapping and detailed spatial data analysis. The Schistocerca Warning and 
Management System (SWARMS) in the DLIS was one of the first uses of GIS for 
operational monitoring rather than production of one-time static maps (Healey et al. 
1996). In 2000, FAO developed a standard custom GIS, Reconnaissance and 
Management System of the Environment of Schistocerca (RAMSES), for locust- 
affected countries to manage and analyse their own survey and control results with 
remote sensing imagery and historical data. In 2014, RAMSES was redesigned as 
open-source software with a spatial database. 

The remote locust habitats in the desert have become progressively easier to access 
in most countries due to improvements in transport and infrastructure. Four-wheeled- 
drive vehicles have replaced camels that were used by locust survey and control teams 
in the past. A proliferation of tracks and roads in the desert associated with increased 
development allow access to a greater number of places in a shorter amount of time. 
In this way, survey teams can monitor a larger area with the same amount of resources. 

Even though countries could send and receive information faster and ground teams 
could reach desert locust habitats easier, the field teams were unable to transmit high 
quality data in real-time from the location of the survey or the control operations, 
often in the middle of nowhere, to national locust centres and the DLIS. FAO 
addressed this issue by developing a custom tool, eLocust, that is a rugged handheld 
tablet for recording field observations and sending them by satellite in real-time to the 
national locust centre. This was introduced in 2006 and it revolutionized desert locust 
early warning overnight. Suddenly, weather, ecological, locust and control data were 
available within a few minutes from anywhere in the desert between West Africa and 
India. National locust directors now could know at any given time the exact location 
of every field team and results of the survey and control operations. 
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An upgraded version in 2015 of the custom tool, eLocust3, allowed users in the 
field to enter more survey and control data, navigate to potential areas of green 
vegetation without the need for internet connectivity, and take photos and videos of 
the situation. 


3.2. Satellite-based Remote Sensing 


Despite such advances in communications and transport, the desert continues to be 
huge and vast. It remains unattainable for any single locust-affected country to have 
sufficient resources to scour each and every hectare in search of desert locust. 
Therefore, all efforts must be made to somehow delimit the large areas that need to 
be searched and prioritise them to those that have the greatest potential of containing 
important locust populations. Satellite-based remotely sensed imagery is routinely 
used to help guide field teams to such places. This is undertaken in a systematic 
manner by first determining those regions or areas where rains may have fallen by 
using satellite-based rainfall estimates. While model-derived estimates may be more 
accurate in terms of rainfall quantity, satellite-based estimates are a better spatial 
indicator of rainfall (Dinku et al. 2010). 

Once a region of possible rainfall has been identified, then multi-temporal and 
multi-spectral image analysis that exploits the mid-infrared, near-infrared and red 
wavelengths is applied to daily observations from NASA’s 250 m resolution 
Moderate-Resolution Imaging Spectroradiometer (MODIS, Aqua and Terra) to 
determine if there was a response of annual vegetation to the rainfall (Pekel et al. 
2011). This is the vegetation required by desert locust for food and shelter. An 
automatic processing chain combines the daily imagery into a ten-day dynamic 
vegetation greenness map that shows the three-month greenness history of each 250 
m pixel in order to monitor the development of green vegetation in those areas that 
received rainfall or runoff (Fig. 6). These maps are used by locust-affected countries 
to position and prioritize surveys and by FAO DLIS for analysis and forecasting. They 
can also be used by teams that are equipped with eLocust3 to help navigate to green 
areas in the field. 

The internet has become the de facto means of delivering imagery and other data 
to analysts and decision-makers. The DLIS is constantly seeking new ways to improve 
the timely distribution of remote sensing products. While some delays may be due to 
satellite reception, there are other delays that are attributed to processing the data into 
map products. The latter is being actively addressed by utilizing Google Earth Engine 
technology whereby the user can process the image online in less than a few minutes 
by taking advantage of parallel and cloud computer technologies. This on-demand 
system is not only faster but may be more sustainable in the future compared to 
traditional processing and delivery chains. 
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3.3. Unmanned Aerial Vehicles for Surveillance and Focused Control 


In the past few years, unmanned aerial vehicles (UAVs or drones) have become 
increasingly available for public use, and the technology is rapidly improving and 
expanding to new fields of use. The use of fixed- and rotary-wing drones could 
potentially improve desert locust monitoring, early warning and rapid response 
control, while reducing the costs of survey and control operations. Drones could 
supplement current tools utilized for monitoring in order to help guide ground teams 
to green vegetation and locust infestations. For example, the latest satellite imagery 
would be analysed to identify regions or areas within a country where ecological 
conditions may be favourable for locusts, specifically, where recent rains have 
occurred and where green vegetation may be present. 


Figure 6. A 10-day dynamic NDVI map for 1—10 September 2017 indicating where annual 
vegetation in northern Mali has become green within the last 10 days (red), 20 days (orange) 
and 30 days (yellow) along dry river beds (wadis) in between the Adrar des Iforas hills. 
Green and darker colours indicate vegetation that has been green for several months, 
probably perennial vegetation such as trees, oases and forests. Each pixel is 250x250 m 
(0.0625 km?) (source FAO DLIS). 


This initial filtering will help to reduce the large and vast areas that need to be 
checked by ground teams. A team would then be deployed to this area to undertake 
surveys. The team would be equipped with a small, portable long-range fixed-wing 
drone. This drone should cover a radius of about 50-100 km. The team would 
programme the route itinerary of the drone and launch it. The drone would capture 
and process information along the route using optical and/or hyperspectral sensors to 
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detect areas of green vegetation and moist soil, as well as the presence of any sizeable 
hopper or adult concentrations (groups, bands, and swarms). Once the drone returns 
to the survey team, the processed data would then be transferred to eLocust3 and the 
team would use the results to go directly to the areas of interest or change direction if 
the results of the flight do not indicate the presence of favourable conditions for desert 
locust. 

A ground team could also carry a small portable rotary drone with them during 
surveys to a specific location identified from above or an area that may contain 
vegetation or locusts. The drone would help the team get a better idea of the ecological 
conditions and the locust situation by taking low-level images of the area to identify 
the presence of green vegetation and locusts. If the team stops in an area with green 
vegetation or crops, the drone could look in situ for locusts and also determine the 
size of the potentially infested area. If the location is less precise, then the team could 
launch the rotary drone to look for any signs of green vegetation or favourable 
breeding areas within a 5 km radius. The drone could also be used to collect 
information from areas that are not accessible to the ground team due to topography 
or insecurity. 

Lastly, a rotary drone could be used to undertake targeted control treatments of 
small infested areas and in areas that are difficult to access by ground teams 
(Benavente-Sánchez et al., this volume). This is highly desirable and advantageous 
because it makes control operations much safer and more precise. Field officers would 
avoid coming into contact with the chemicals as drones would be doing the spraying. 
Spot control would involve spraying only the specific locust infestation rather than 
treating the entire area, thus reducing pesticide usage and protecting the environment. 


3.4. Forecasting the Time and Scale of Breeding and Early Warning Systems 


The innovative tools mentioned up to this point are primarily utilized for directing 
national locust field teams in managing the current situation. Another set of 
technologies are exploited for locust prediction that involve the adaptation of cutting- 
edge methodologies to operational monitoring and forecasting. 

Remote sensing imagery has traditionally been used for monitoring rainfall and 
vegetation. More recently, a new product has been developed to monitor ground soil 
moisture down to 10-15 cm below the surface. This moisture is critical for breeding 
to allow egg-laying and hatching, as well as the growth of annual vegetation necessary 
for locust feeding and shelter. Similar to other satellite-derived products, soil moisture 
maps are updated every ten days. This facilitates comparative analysis with rainfall 
vegetation imagery. The product will be another field tool to help delimit the large 
areas to be surveyed by guiding teams to specific places where breeding may be 
underway. 

The DLIS utilizes seasonal predictions of monthly precipitation and temperature 
anomalies that are issued six months in advance and updated every month. These 
maps can help to forecast the timing and scale of locust breeding several months 
ahead, giving extra time for national locust programmes for planning and pre- 
positioning resources. Sub-seasonal predictions for up to four weeks in advance and 
updated twice a week can be used for short-term advice and warnings to assist in 
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managing operations, especially during control campaigns. Both products are derived 
from several sophisticated weather models and may vary considerably from month to 
month. Hence, they can be less reliable at times and must be interpreted with caution. 

At present, two models are used in desert locust early warning, an egg and hopper 
development model and a trajectory model. The former estimates the time required 
for egg and hopper development based on location. This is useful for forecasting the 
timing of breeding and planning field operations. The trajectory model is used to 
estimate the displacement of locust adults and swarms forward and backward in time. 
The model relies on meteorological data such as wind speed and direction, pressure 
and temperature provided by the European Centre for Medium-Range Weather 
Forecasts (ECMWE) every 12 hours for the desert locust recession area (Fig. 2.). This 
allows the forecaster to select the height or temperature level of flight and, by 
indicating the take-off or landing date and time, estimate where the adults or swarm 
came from or will go to. 


4. SUCCESSES AND LESSONS LEARNED 


The global desert locust early warning system operated by FAO is one example of 
successful area-wide pest management. Outbreaks, the precursors to upsurges and 
plagues, are now easier to detect and respond to on time due to improvements in 
monitoring and early warning (Fig. 4). This has resulted in a significant decrease in 
the duration, intensity and frequency of desert locust plagues. As mentioned 
previously, there were nine major plagues and ten major upsurges from 1860 to 2000, 
some of which lasted up to 14 years and affected 50 or more countries. Since 2000, 
there has been only one major upsurge and no plagues (Fig. 3). 

This success can be attributed to a number of important factors. As the desert 
locust is such a well-known and old pest with a long history, countries are 
exceptionally aware of its importance and potential threat. This high visibility 
facilitates national interest at all levels and helps to engage the relevant stakeholders. 
Locust-affected countries understand the transboundary nature of the desert locust 
and, hence, willingly engage in joint monitoring and area-wide control activities as 
well as development projects to strengthen national capacities. Regardless of political 
relations, strong networks exist amongst countries that contribute to the regular and 
timely sharing of high-quality data and exchange of reliable information. Without this, 
an early warning system would not be possible. 

The latest technologies are utilized and adapted in an innovative manner for the 
development of useful and well-focused tools that can be used by those involved in 
locust survey, control, reporting and forecasting. A bottom-up approach is used for 
these developments based on user requirements and feedback. The products, 
methodologies and tools are constantly updated to reflect changes in latest 
technologies and user needs. Substantial training and retraining are provided to each 
country using the train-the-trainers strategy, in which national master trainers are 
trained in the technology as well as in teaching and communications, so that they can 
provide essential training at all levels to national locust staff. Clear, concise, and 
imaginative training material and programmes are designed and updated to 
complement this process, supplemented by online videos for self-learning. 
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It is important to develop products and tools that are sustainable, can be 
maintained locally and used for as long as possible. Whenever possible, existing 
infrastructure, resources and expertise should be utilized and, if necessary, expanded 
rather than reinventing something that already exists. When developing an area-wide 
pest management programme, for example, that has a requirement for data collection 
in the field, it is far better to take advantage of the mobile phones that most farmers 
and extension agents already have, as well as the know-how to use them. This 
eliminates the need to develop, procure, distribute, and maintain a different device 
and to provide relevant training. Instead, it would only be necessary to develop an app 
for data collection and recording that works on the mobile phones. If data transmission 
is required, and there exists sufficient mobile telephone network coverage, then there 
is no need to rely on satellite communication, which is not only more expense but also 
requires additional hardware, maintenance, and training. 

It is crucial to use technologies that are appropriate and relevant. For example, the 
Sterile Insect Technique (Dyck et al. 2021), requested by some countries, is not an 
appropriate control strategy for desert locust because of the size of its vast recession 
area and the fact that the released locusts would cause damage consuming crops. On 
the other hand, it has been extremely successful in contributing to the eradicating other 
pests such as the pink bollworm Pectinophora gossypiella (Saunders) in the south- 
western USA and northern Mexico (Staten and Walters, this volume), because it is 
not migratory, the released moths do not affect the cotton crop, and it was largely 
restricted to this host plant within this large geographic area. 

Lastly, it is important to remain relevant by never ceasing to innovate in order to 
take advantage of the potential benefits and applications offered by the latest 
technologies. One example is the integration of drones and high-resolution satellite 
imagery into area-wide pest management programmes for monitoring and control. 
While this should not be a substitute for ground means, it can certainly supplement 
current efforts to monitor more effectively large areas and undertake safer and more 
precise control operations. 

The innovative use of new technologies and tools in managing transboundary 
pests is unlikely to be entirely successful if it is not coupled with strong collaboration 
amongst beneficiary countries that is overseen by a centralised coordinating body. For 
example, 30 frontline countries affected by the desert locust share field data amongst 
themselves and with the DLIS. This allows DLIS to continual monitor the situation, 
forecast its developments, and provide timely and accurate early warning. A 
centralised coordinating structure also allows the implementation of standardized 
methodologies and training material in all countries as well as coordinated action 
between countries during outbreaks, upsurges, and plagues. 

All of the lessons learned from the desert locust experience can be applied and 
adapted to other transboundary pests such as other locusts, as well as the red palm 
weevil and the fall armyworm, as a means to better manage these pests, protect crops, 
and enhance food security. 
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SUMMARY 


Mate finding in many insect groups is mediated by pheromones, particularly among moths where the male 
flies upwind along the pheromone plume to a calling female. The use of a formulated, synthetic copy of 
this message to disrupt this process dates to 1973 with the demonstration of protection of cotton from the 
pink bollworm Pectinophora gossypiella (Saunders). This method has been expanded to many moth pests, 
particularly tortricid moths that infest high-value pome fruits and grapes. Because most applications of 
mating disruptant are not directly lethal, an operational assumption is that efficacy is enhanced when the 
area under disruption is large enough to mitigate the effects of mated females immigrating into the protected 
area. Area-wide protocols thus should optimize efficacy of disruption and possibly permit effective control 
for some highly dispersive species such as heliothine moths that are unlikely to be controlled only by mating 
disruption in farms of even multiple hectare size. Successful area-wide programmes considered include 
those for the pink bollworm, codling moth Cydia pomonella (L.), oriental fruit moth Grapholita molesta 
(Busck), navel orangeworm Amyelois transitella (Walker), European grapevine moth Lobesia botrana 
(Denis & Schiffermiiller), and gypsy moth Lymantria dispar (L.). Efficacious control, regardless of the 
magnitude of the crop area, typically requires an initially low population and therefore integration with 
other control measures. 


Key Words: Lepidoptera, mate finding, pheromone plume, codling moth, pink bollworm, European 
grapevine moth, gypsy moth, oriental fruit moth, navel orangeworm, Sterile Insect Technique 


1. INTRODUCTION 


The French naturalist Jean-Henri Fabre, working with the giant peacock moth 
Saturnia pyri (Denis & Schiffermiiller) in the 1870s, was one of the first to document 
that females release an alluring odour that draws in males from many metres 
downwind. In 1882 the New York state entomologist Joseph Albert Lintner, who was 
also amazed at the ability of a single female saturniid moth to attract many suitors, 
proposed that synthetic copies of these chemical messages might serve as a means of 
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direct control of moth pests. The realisation of this method, however, had to await 
development of micro-analytical methods capable of identifying pheromones present 
in billionths of a gram per female (Roelofs 2016). 

At present, female-produced pheromones have been chemically defined for 
several hundred moth species in many lineages (El-Sayed 2016; Lófstedt et al. 2016). 
Generally, these messages are comprised of blends of 2-3 components, although some 
moths apparently use a single component and a few species have blends as complex 
as 6 chemicals. Using these compounds to interrupt chemically triggered mate finding 
by males requires methods to gradually release these compounds into the crop to be 
protected. There are now many kinds of slow-release formulations that protect these 
usually labile chemicals until their release into the atmosphere. 

Harry Shorey and his colleagues at the University of California, Riverside (Gaston 
et al. 1977) were the first to demonstrate in field trials that application of formulated 
synthetic pheromone could control a moth pest. In the 1970s, the pink bollworm, 
Pectinophora gossypiella (Saunders) (Gelechiidae), was a principal pest of cotton 
grown in southern California's Coachella Valley. Synthetic pheromone was 
formulated into open-ended, hollow plastic fibres and released at 10 ug per fibre per 
day; fibres deployed by hand at a density of approximately 1 per m? provided control 
by reduction in boll damage comparable to conventional practice in the insecticide- 
treated controls. This success provided an impetus for efforts to develop mating 
disruption for other key moth pests. Today this method has been commercialized for 
many of the most economically important moth pests (Evenden 2016) and we term 
this method of pest control ‘mating disruption’. The successes and constraints of the 
mating disruption technique have been summarized by Cardé and Minks (1995), 
Cardé (2007), and Evenden (2016). Witzgall et al. (2010) reported that an estimated 
770 000 ha yearly received mating disruption treatments for moths. 

This review will explore the utility of this approach in large-scale applications 
where the goal of management is either to suppress a pest directly or in some cases, 
to eradicate a population over an entire region. To understand the prospects for 
successful disruption in area-wide programmes, it will be useful to consider how a 
broadcast application of a disruptant interferes with mate finding and how formulation 
type and a precise matching of the disruptant to the natural pheromone influences 
efficacy of disruption. 

Most moth pheromones are straight-chain, Cio to Cis compounds with either an 
acetate, alcohol, or aldehyde moiety, and 1-3 positions of unsaturation (El-Sayed 
2016; Lófstedt et al. 2016). These chemicals, and generally most other moth 
pheromones, are subject in the field to degradation by processes such as isomerization, 
oxidation and polymerization, and consequently one objective of all formulations is 
to provide protection against degradation while releasing the active ingredients into 
the atmosphere, ideally at a fairly constant rate until depletion. Most formulations use 
a plastic matrix (e.g. microcapsules, open-ended hollow fibres, sealed plastic tubes 
(‘ropes’), PVC capsules, laminates, etc.) to retain the disruptant. Other formulations 
use dollops of a waxy emulsion into which the disruptant is mixed or the disruptant is 
released as an aerosol in timed puffs from widely spaced, sealed cans (Table 1). 
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Table 1. Examples of formulations used in mating disruption of moths (modified from Cardé 
2007); the densities and methods of application, field longevities, and probable modes of 
action are general examples 


Formulation Density ha! Application method Longevity Mode of Action 
Atomizer <1 to several hand-placed season-long sensory impairment; 
‘puffer’ camouflage; competition 
Sealed plastic hundreds hand-placed season-long sensory impairment; 
tubes camouflage; competition 
Open-ended, =10 000 aerial weeks sensory impairment; 
hollow fibres, camouflage; competition 


laminate ‘flakes’ 


Waxy dollops 100-10 000 hand-applied, weeks to sensory impairment; 
aerial, speciali- season-long camouflage; competition 
sed equipment 


Microcapsules millions conventional days to several sensory impairment; 

spray weeks camouflage 

“Attracticide” =1000 specialized weeks direct toxicity; impairment 
(e.g. fibres with equipment of orientation; competition 


insecticide in sticker) 


* When the formulation is not comprised of the full (attractive) pheromone blend or it contains an 
antagonist, it may not evoke competition (for an example see Section 3.3) 


In field applications these differing formulation types produce a large range of 
densities of disruptant sources and release rates and consequently in the atmospheric 
concentrations and spatial distributions they generate. Some formulations are point 
sources that match or exceed the attractiveness of a calling (pheromone-emitting) 
female. Other disruptant formulations are either intrinsically non-attractive because 
they are an incomplete copy of the pheromone blend (lacking components required 
for good attraction), or they contain synthetic by-products that are antagonistic and so 
either reduce or even eliminate attractiveness of the formulated product (Cardé 2007). 

As formulations can be expected to be applied repeatedly to the same area and 
therefore themselves could be a source of pollution, a formulation's degradability over 
time should be a factor in its selection. 


2. MECHANISMS OF MATING DISRUPTION 


Disruptants can interfere with mate location in 3 principal ways: 

1. Competition: Males may spend time and energy orienting to sources of 
formulation. The efficacy of this mechanism should be dependent on the ratio and 
comparative attractiveness of these sources to calling females (see Miller et al. 2006 
for a theoretical consideration of this mechanism). A variant on this method adds 
insecticide to point sources of pheromone, an “attract and kill” strategy (Cork 2016). 
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2. Sensory Impairment: Exposure of males to disruptant causes either a diminution 
in responsiveness by raising the threshold for response, or by altering navigational 
ability, or exposure may simply eliminate responsiveness to the pheromone. 
Generally, such impairment can be due to adaptation of either sensory receptors or 
habituation, which is a central nervous system phenomenon, or both factors. 

3. Camouflage: The pheromone plume from a calling female becomes 
imperceptible amongst the background of disruptant. 

When the formulation mimics the natural pheromone, all of these mechanisms 
could contribute to efficacy and they could act additively or synergistically. There are 
other supplementary (‘minor’) mechanisms such as delay in mating that also could 
contribute to efficacy (see for examples: Cardé 2007 and Evenden 2016). 

As will be documented, the susceptibility to disruption seems to vary with species, 
formulation type and application rate (Table 1), and whether the active ingredients 
match the full natural pheromone. Some of the behavioural traits that promote or 
interfere with successful mating disruption are listed in Tables 2 and 3. 


Table 2. Male behavioural traits expected to confer higher or lower susceptibility to mating 
disruption matched with moths thought to possess these traits (see Cardé 2007 for further 
details on mechanisms) 


Higher Susceptibility Lower Susceptibility 
Readily habituated Difficulty to habituate 
[oriental fruit moth] [pink bollworm] 
Slow to dishabituate Rapid dishabituation 
[oriental fruit moth, codling moth] [pink bollworm] 


Poor ability to navigate along plumes 
within a background of pheromone 


Rhythm of response imprecisely 
coordinated with female calling 
[pink bollworm] 


Males rely principally on pheromone 
for orientation and mating 
[pink bollworm] 


Good ability to navigate along plumes 
within a background of pheromone 


Male and females mating rhythms 
well-coordinated 


Visual and tactile cues facilitate 
orientation and mating 
[oriental fruit moth] 


Although formulation type, the match of its active ingredient to the natural 
pheromone, and its application rate all are quite important to disruption efficacy, 
ecological factors also are crucial: what is the pest’s density at the start of application, 
does it need to be suppressed to a suitable level before application, and how migratory 
are mated and unmated females? 

The first issue influences efficacy in two ways: the higher the density of moths, 
the closer they are to each other spatially and phenologically; at very low population 
densities, both factors should diminish the probability of females mating, essentially 
an Allee effect, in which a population at very low density could collapse because of a 
failure to find a mate (Liebhold and Bascompte 2003). 
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In most management protocols, it will be necessary to use additional control tactics 
such as cultural methods (e.g. sanitation) or insecticide application to reduce the 
population to a level amenable to mating disruption. For those moths that are notable 
adult nectar feeders (such as noctuids), a bait of adult feeding stimulants laced with 
insecticide provides another tactic to integrate with mating disruption (Gregg et al. 
2018). 

Moth movement is a second ecological factor to consider. If the species 1s highly 
migratory (such as many heliothine moths) and the area under management is near a 
source population, then the area under mating disruption may suffer crop damage due 
to the immigration of mated females. Possibly too, virgin females could leave an area 
under disruption, mate, and then reinvade the crop. The density and proximity of the 
outside population and the tendency of mated females to migrate should govern in 
part the programme's success. Migratory tendency and capability vary considerably 
among moth species and, even within a species, migration can be modulated by 
changes in crop suitability and season. Application of the principles of density and 
movement will be useful to interpreting several case studies. 


Table 3. Female behavioural traits expected to confer higher or lower susceptibility to mating 
disruption matched with moths thought to possess these traits (see Cardé 2007 for further 
details on mechanisms) 


Higher Susceptibility Lower Susceptibility 

Low pheromone emission rate High pheromone emission rate 
[oriental fruit moth] 

Calling from within Calling from top of canopy 

plant canopy [pink bollworm] 

Rhythm of response imprecisely Male and females mating rhythms 
-coordinated with female calling well-coordinated 

[pink bollworm] 

Low migratory tendency Migratory 

[North American gypsy moth] [navel orangeworm] 


Of particular relevance to the use of mating disruption in area-wide programmes 
will be assessing how size and isolation or distance of treated areas from outside 
infestation influences efficacy. Given the logistical difficulties and cost of evaluating 
whether area-wide programmes enhance management of a *keystone' moth pest over 
conventional field-by-field or grower-by-grower practices, much of what we can 
conclude will be by inference rather than by referring to empirical tests. 

The following case studies are examples of successful management using mating 
disruption, often combined with other techniques. Each example is considered briefly 
and specific documentation of the field evidence pertinent to area-wide use is cited. 
Mating disruption has been studied in all of the following pest species over many 
years. 
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3. CASE STUDIES 
3.1. Pink Bollworm 


The first field-scale use of mating disruption was against the pink bollworm, 
Pectinophora gossypiella (Gaston et al. 1977), and in 1978 it was the first pheromone 
to be registered by the USA Environmental Protection Agency (US-EPA) as an 
insecticide. The active ingredients are a 1:1 mix of the two components of the female’s 
pheromone, (Z,Z)- and (Z E)-7,11-hexadecadienyl acetates. There are now several 
formulation products in use (e.g. hollow fibres, sealed plastic ‘ropes’). 

There is one notable field study of its use in area-wide management. In Arizona in 
the 1970s, control of this pest relied largely on frequent night-time aerial sprays of 
insecticide aimed at the adult moth. This approach was becoming untenable, because 
of increasing insecticide resistance and costs. The Parker Valley is isolated from other 
cotton-growing areas by surrounding desert (Fig. 1), thereby eliminating influx of 
mated females from outside the treated area and thus constituting an ideal location to 
evaluate an area-wide programme. Growers in the Parker Valley of Arizona, in 
collaboration with the Animal and Plant Health Inspection Service (APHIS) arm of 
the United States Department of Agriculture (USDA), devised a multi-year 
programme to attempt to directly manage pink bollworm with mating disruption and 
some use of insecticide in all cotton fields (detailed in Staten et al. 1996). 


Figure 1. Aerial view of the Parker Valley agricultural area along the Colorado River in 
Arizona. The growing area was well isolated from other cotton production by surrounding 
desert (courtesy Google Maps). 


Parker Valley’s 11 250 ha of cotton comprised a significant size and, prior to this 
programme, intensive application of insecticide provided unacceptable levels of 
control (> 25% boll infestation in the year prior to the programme’s start). Mating 
disruptant applications began in 1990 and the programme ended in 1993. Throughout, 
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approximately one third of the cotton received a hand application of rope dispensers 
and the rest of the applications were by air and used fibres or fibres plus an insecticide 
overspray. 

Over the project's four-year span, the use of insecticide dropped from half of the 
aerial applications to less than a tenth. There were approximately 650 fields in the 
programme and 45 of these were selected at random for assessing boll damage. From 
2000 to 3000 cotton bolls were cracked weekly to check infestation. The highest 
recorded weekly larval count per boll was 21% in 1990, dropping to 7% in 1991, 2% 
in 1992 and zero in 1993, when over 20 000 bolls were examined season-long and not 
a single pink bollworm larva was found. Clearly this technology offered a new 
paradigm for management of a pest that was becoming very difficult to control with 
conventional insecticides. One remarkable feature of this demonstration was that it 
succeeded even though initial infestation levels were high and this species is 
considered rather migratory (Stern 1979). These sorts of programmes lack replication 
and direct experimental controls, but the substantial infestation levels across the 
Parker Valley in the years prior to the programme serve to verify efficacy. Despite the 
success of this programme, mating disruption for pink bollworm is now in limited use 
worldwide (= 50 000 ha annually according to Witzgall et al. (2010), or =3% of cotton 
worldwide), mainly due to the availability of Bacillus thuringiensis (Bt)-cotton, which 
has supplanted mating disruption and conventional insecticides for control of this and 
other moths. 

Mating disruption also played a central role in the successful area-wide effort to 
eradicate pink bollworm from the south-western USA (Texas to California) and 
adjoining areas in northern Mexico. This audacious undertaking was reviewed by 
Lance et al. (2016). The programme began in 1994 and involved at various stages and 
regions the application of mating disruptant, release of sterile moths, some application 
of insecticides and, beginning 1997-1998, planting of Bt-cotton. Since 2008 no larvae 
have been detected anywhere in the entire cotton-growing regions of the south- 
western USA and northern Mexico (Staten and Walters, this volume). The success of 
this programme (which continues with monitoring using pheromone traps) is difficult 
to attribute to any single control technique and it is most probable that the combination 
of methods was needed to suppress reproduction. Its success was likely also 
guaranteed by the integration of these methods on an area-wide basis over all cotton 
growing areas in the region and the fact that this moth is a cotton specialist. 


3.2. Codling Moth 


Cydia pomonella (L.) (Tortricidae), infests many kinds of pome fruits and walnuts, 
and it is particularly troublesome in apple orchards. Most work has characterised its 
pheromone as a single component (E, E)-8,10, dodecadienol. Probably more field tests 
on mating disruption have been conducted on this species than any other moth. As of 
2010, about 210 000 ha were treated yearly with mating disruptant for this pest 
worldwide (Witzgall et al. 2010). A general conclusion is that this species is difficult 
to disrupt in the sense that for success initial populations need to be low and isolated 
from the influx of mated females from untreated areas; in any case, growers will not 
tolerate more than a small percentage of fruit damage. 


786 R. T. CARDÉ 


Witzgall et al. (2008) reviewed these studies and provided two general 
conclusions: 1) prior to treating with disruptant, initial populations must be low and 
therefore a remedial application of insecticide or some other method could be 
necessary to achieve the desired population level; and 2) the larger the area under 
pheromone management and the greater its isolation from outside sources of 
infestation, the greater the level of protection and economic benefit per hectare 
(McGhee et al. 2011). Given that apples typically are produced in orchards of varying 
size and proximity to other orchards and non-commercial hosts (a ‘patchwork’ 
pattern), coordination of a common strategy across many growers in a region is a 
logistical and sociological challenge (Brunner et al. 2002). 

No definitive field studies have established the minimum plot size for maximum 
achievable efficacy (i.e. the point where no further reduction in mating can be 
expected) and certainly efficacy will vary somewhat with application rate and 
formulation type (e.g. puffers vs. hand-applied, point-source), how thoroughly the 
formulation disperses disruptant throughout the canopy, canopy structure, initial 
population density, climate, and topography (see Witzgall et al. 2008). The principal 
lessons to be drawn from numerous field studies with codling moth are that for mating 
disruption to succeed, initial populations must be very low (if need be requiring 
remedial treatment with an insecticide) and sufficiently isolated from sources of 
mated females. 


3.3. Oriental Fruit Moth 


Grapholita molesta (Busck) (Tortricidae) is a troublesome pest on peaches, pears, 
nectarines, plums and apples; its first generation also can inflict significant damage to 
shoot tips. Its pheromone is a 3-component blend: (Z)-8- and (E)-8-dodecenyl acetates 
(95:5) with 3-10% of (Z)-8-dodecenol added. This moth seems especially susceptible 
to mating disruption, with a wide variety of formulation types (microdispersibles to 
aerosol puffers) of the pheromone providing excellent fruit protection (Cardé 2007; 
Evenden 2016). As of 2010, about 50 000 ha were treated yearly with mating 
disruptant for this moth (Witzgall et al. 2010). 

In Australia, Il'ichev et al. (2002) set out to establish that an area-wide approach 
would provide enhanced control over an orchard-by-orchard management. In the 
project's first year an area of over 800 ha including 18 orchards were treated with 
hand-applied dispensers at 1000 per ha; in the second year over 1000 ha comprising 
40 orchards were treated with 500 dispensers per ha. 

In the first year, growers decreased insecticide application by half and during the 
second year most growers did not apply any insecticides for this pest. Areas 
previously identified as ‘hot spots’ of infestation also were brought under control. 
Il'ichev and colleagues concluded that area-wide management with pheromone was 
highly effective for oriental fruit moth, but cautioned that infestations could linger at 
the edges of disruptant-treated blocks if the permeation of air-borne disruptant there 
was incomplete due to wind patterns or if neighbouring orchards harboured oriental 
fruit moths (Il'ichev et al. 2002). 
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3.4. European Grapevine Moth 


The pheromone of Lobesia botrana (Denis & Schiffermüller) (Tortricidae) is usually 
considered to be a single compound, (Z,E)-7-9-dodecadienyl acetate. Historically this 
moth has been a grape pest in Southern Europe, North Africa, Anatolia and the 
Caucasus; it was recently introduced into South America (Taret et al., this volume). 
As of 2010, Witzgall et al. indicated that 100 000 ha in the European Union, Argentina 
and Chile were treated yearly with mating disruptant for this moth. 

In 2009, it was discovered in northern California with a nexus in Napa County. 
Following the discovery of this pest, its distribution was mapped in 2010 with a 
network of traps throughout the grape growing regions of California. Over 100 000 
males were trapped, mainly in Napa County, but with significant populations in 
adjoining Sonoma County, and isolated pockets elsewhere, these being attributed to 
movement of material such as stakes from the original area of infestation rather than 
natural dispersal. A multi-pronged eradication programme with support from growers 
and organizational direction from federal, state, county and extension agencies was 
initiated in 2011 (for detailed reviews see Lance et al. 2016, and Simmons et al., this 
volume). 

In 2011 and 2012, mating disruptant was applied to ~160 km? in Napa County, 
generally in the core-infested area, and to ~16 km? in Sonoma County, with smaller 
application areas in 2013 and 2014. Since 2015, extensive pheromone trapping has 
not caught any males, and the moth has been declared eradicated. It is fair to note that 
conventional insecticides were used in many but not all vineyards. Therefore, the area- 
wide demise of this pest cannot be attributed solely to mating disruption, but 1t was 
viewed as a key component of successful eradication (Lance et al. 2016). 


3.5. Navel Orangeworm Moth 


Amyelois transitella (Walker) (Pyralidae) is a key pest of almonds, pistachios and 
walnuts in California. This moth can be controlled using mating disruption as part of 
an integrated pest management programme. Aerosol dispensers, deployed at one per 
0.8 ha, emit (Z,Z)-11-13-hexadecadienal, one of the 4-components of its pheromone, 
but which alone is at best slightly attractive compared to the full blend. Mating 
disruptant generally provides control levels similar to insecticide-alone regimes and 
the combination of disruption and insecticide generally resulted in better pest 
management and even lower levels of damage (Higbee and Burks 2008). 

Based on flight mill studies, virgin navel orangeworm females appear capable of 
migrating several km (Sappington and Burks 2014), although whether mated females 
would naturally migrate such distances when they are within a host orchard remains 
to be determined. Evidence that such moderate-distance migration is an important 
consideration stems from the field study of Higbee and Seigel (2009), who found that 
navel orangeworm damage in almond blocks was correlated with distance from 
pistachios (with traditonally higher populations): some spillover was detectable even 
with a 5-km separation. The migratory capacity of navel orangeworms demonstrated 
so far suggests that crop protection should be enhanced as the area under treament is 
scaled up. 
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In California, almond and pistachios orchards often extend in contiguous plantings 
over many km and therefore movement of mated females from untreated orchards to 
adjoining blocks treated with disruptant is probable. This pest is an ideal candidate 
for an area-wide management programme using mating disruption. Careful 
monitoring in a 4-year demonstration project in 1050 ha of almonds, showed that 3 
insecticide sprays yielding 5-10% damage could be replaced by mating disruption, 
producing only 0.5% damage (Higbee 2010). Registration and use of its complete 
pheromone blend might provide higher levels of nut protection than the currently used 
aldehyde (Higbee et al. 2017). Another rationale for area-wide application is that 
several percent nut damage occured in 16-ha mating disruptant plots (Higbee et al. 
2017); presumably, increasing greatly the area under disruption would enhace 
protection by limiting influx of mated females. Overall, in 2016 mating distuption was 
used in California on over 80 000 ha of almonds and pistachios (Higbee personal 
communication). 


3.6. Gypsy Moth 


The potentially expanding range ofthe gypsy moth, Lymantria dispar (L.) (Erebidae), 
in North America and introductions of its Asian form are monitored by a network of 
more than 200 000 pheromone traps (Lance et al. 2016). Traps are baited with the 
pheromone, (7R,8S)-cis-7,8-epoxy-2-methyloctadecane, called ‘(+)-disparlure’, but, 
as optically pure disparlure is quite expensive, the (+)- enantiomer is only used in 
survey lures. Mating disruption uses the inexpensive racemate as a disruptant. The 
racemate is about one tenth as attractive because its (-)-enantiomer is an antagonist of 
attraction. 

Aerially applied racemic disparlure is being used to retard the advance of gypsy 
moths to the south and west of low-level populations along the edge of its advancing 
USA range. Mating disruption is deployed in a 100-km-wide band from North 
Carolina to Minnesota in a programme called “Slow the Spread” (reviewed by Lance 
et al. 2016; Liebhold et al., this volume). In this zone, trap capture is low (between 0- 
1 per trap yearly throughout most of the band, rising to several or more per trap near 
the edge adjoining the established population). Prior studies have established efficacy 
of aerially applied formulations (e.g. Thorpe et al. 2006), verified by substantial 
reductions in capture in pheromone-baited traps in subsequent years and mating of 
tethered, sentinel females. 

From 2000 to the present, an average of about 180 000 ha have been treated yearly 
(Lance et al. 2016). The migration biology of the North American gypsy moth differs 
from most moths in that the female is flightless and natural population spread occurs 
through wind-borne ‘ballooning’ of first instar larvae. (Anthropogenic transport, 
particularly of egg masses, remains an important regulatory and practical issue.) Thus, 
female movement does not influence the success of mating disruption in a given area. 
Larval movement (ballooning 1* instars), however, will influence the size of the area 
wherein mating disruption will be effective. 
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4. IS EFFICACY INFLUENCED BY THE SIZE OF THE AREA TO BE 
TREATED? 


A reoccurring theme in all studies of mating disruption is the assumption that the 
larger the plot size, the more efficacious mating disruption, because large size 
mitigates the influx of mated females from outside the treated area. Experimental 
evaluation of formulations and active ingredients for efficacy can be accomplished, 
at least with some moths, with replicated small plots (ca. 25 by 15 m) (Roelofs and 
Novak 1981) and with small field cages (ca. 8 m?) (Koch et al. 2009) by testing for 
disruption of attraction to pheromone lures and to females. It is generally accepted 
that proof of crop protection, however, needs to be assessed in replicated plots that 
are large enough to minimize or eliminate the immigration of mated females from 
untreated areas, whereas disruption of attraction to a lure or female in a trap are 
insufficient metrics. There have been several notable studies using replicated large 
plots [Brockerhoff et al. 2012 with the light brown apple moth, Epiphyas postvittana 
(Walker); Onufrieva et al. 2018 with the gypsy moth; and Higbee and Burks 2008, 
Higbee et al. 2017 with the navel orangeworm moth]. With such large experimental 
plots, some useful information on the infiltration of mated females may be found by 
monitoring infestation or disruption levels from a plot's edge to its centre. 

As the distance that mated females migrate varies with species and also can be 
influenced by habitat, host availability and season, there is no set answer as to how 
large a plot needs to be to guard against such immigration from the periphery. What 
Is clear is that efficacy should be enhanced with enlarged treatment areas and becomes 
optimal if all areas that harbour the population of the pest are treated. Crucial to 
understanding these interactions will be characterisation of the moth's migratory 
capacity and the conditions in the field that trigger this behaviour. There are not, 
however, replicated field experiments that have defined optimal plot size directly, and 
given the sizes required, these are unlikely to be undertaken. 


5. INTEGRATION OF MATING DISRUPTION WITH STERILE INSECT 
RELEASE 


The Sterile Insect Technique or SIT is another environment-friendly method for insect 
suppression and in some cases eradication (Dyck et al. 2021). The SIT efficacy is 
largely contingent on the ratio of sterile to native insects (the overflooding ratio) and 
the competitiveness of sterile insects. Because mating disruption seeks to diminish 
mating success, it seems counterintuitive to combine these two approaches, as 
application of disruptant would diminish the probability that sterile insects would 
mate with native insects. However, because both techniques reduce the number of 
fertile females, in combination they may enhance population suppression over either 
method used alone. Furthermore, where use of either mating disruption or SIT fails to 
provide sufficient control (e.g. because of gaps in coverage), then the other method 
could be employed. There are many examples of incomplete population suppression 
using mating disruption, even with prior application of conventional insecticides to 
suppress the population to a low level (e.g. Witzgall et al. 2008; Evenden 2016; 
Higbee et al. 2017). 
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The SIT generally aims to achieve a particular overflooding ratio (e.g. a 10 to 1 
ratio of sterile insects to native ones) and one challenge is determining the density of 
the native population. One method for evaluating a SIT programme is to compare the 
ratio of internally-marked sterile to native males captured in pheromone traps 
(Vreysen 2021). A difficulty, however, in combining mating disruption and SIT 1s 
that application of disruptants makes the monitoring of population levels and the 
overflooding ratio with pheromone traps problematic. Of course, absence or very low 
numbers of trap catch in pheromone-baited traps often is used to verify that male 
orientation to females is being suppressed and therefore that mating disruption is 
protecting the crop. 

For evaluation of population density in some species (e.g. pink bollworm and 
codling moth), males can be trapped in mating disruption areas by using a lure with 
high rate of pheromone emission, that is, 10-fold higher than would normally be used 
in population monitoring (Doane and Brooks 1981; Witzgall et al. 2008), and so these 
high-dose traps could be used for evaluation of the SIT component. In a few cases, 
there are kairomone lures that are effective in sampling adult moths in mating 
disruption plots (e.g. Knight 2010; Burks 2017). 

The combination of these two methods has of course been limited to those few 
moth species for which the SIT package and mating disruption have been fully 
developed and tested for field efficacy. With pink bollworm, aerial release of sterile 
insects was long used to suppress this pest in the San Joaquin Valley of California, 
with daily releases of up to 18 million moths. As considered earlier in Section 3.1, 
mating disruption, SIT and other measures were combined in an ambitious and 
successful area-wide eradication programme in the south-western USA and northern 
Mexico (Lance et el. 2016; Staten and Walters, this volume). As both mating 
disruption, SIT and in the later years Bt-cotton were combined, it is impossible to 
parse out the precise contribution of each tactic and especially the extent to which 
either mating disruption or SIT contribute to suppression. It also is possible that 
sequential application of these techniques (SIT preceding mating disruption or vice 
versa) would yield higher levels of eventual suppression than simultaneous 
application. 

The SIT is the mainstay in the management of the codling moth in the Okanagan 
Valley of British Columbia, Canada (Nelson et al., this volume). Over the past 20 
years, this programme has produced a dramatic reduction in insecticide use in apples 
(some growers have not applied an insecticide for codling moth in 15 years). Fruit 
infestation is extremely low (<0.2%) in >90% of the orchards. Like successful 
programmes using mating disruption with codling moth (Section 3.2), a key factor is 
early intervention with insecticides to reduce populations to the low levels where SIT 
can provide a final reduction and continued control (Bloem et al. 2007). 

An effort in the same region to combine SIT with mating disruption, Judd and 
Gardiner (2005) established in organic orchards that these two measures coupled with 
removal of overwintering larvae using tree bands (cultural control) in concert 
suppressed codling moths to non-detectable levels within several years. Judd and 
Gardiner (2005) proposed that mating disruption and SIT together was as effective as 
SIT and some initial insecticide. 
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The area-wide integration of mating disruption with SIT application was also 
effective south of the Canadian-USA border (Calkins et al. 2000). This finding as well 
as the successful eradication efforts with pink bollworm both point to a favourable 
interaction of mating disruption with SIT, but precisely how these two seemingly 
competitive approaches either complement or interfere with each other remains to be 
determined. 

Whether combining mating disruption and SIT enhances crop protection over 
either method alone thus remains an outstanding question. Before widespread 
implementation of these combined tactics, it would be valuable for future programmes 
to compare in replicated plots the levels of crop protection provided by each technique 
alone and in combination. Perhaps modelling how these two processes interact would 
provide insight into the value of combining SIT and mating disruption. 

It also might be feasible to develop through either conventional selection or 
genetic engineering strains for SIT application that have males that are ‘resistant’ to 
mating disruption (e.g. by reducing their tendency to habituate response to 
pheromone, possibly by altering their biogenic amines levels—see Linn and Roelofs 
1986). Males from such a strain would be more apt than their wild counterparts to find 
females amidst a background of mating disruptant. How such males perform in a non- 
disruptant environment would be important to understand, but presumably such a trait 
would render modified moths less competitive than their wild counterparts, because 
this is a trait that would not be favoured under the constraints of traditional natural 
selection in the field. Presumably, as well, interbreeding with wild moths would not 
produce offspring. 

In field-cage observations using laboratory strains of codling moth, a single 
encounter with a point source of pheromone can render a moth unresponsive to 
pheromone for 24 hours (Stelinski et al. 2006). In contrast, the strain of pink bollworm 
used in the SIT programme remains pheromone responsive (‘resistant’ to habituation) 
after a 24-hour exposure to pheromone (Cardé et al.1998). Although we do not know 
how released sterile pink bollworm males behave in disruptant plots, these 
observations suggest that they should search for females and therefore the field 
efficacy of mating disruptants in this strain should be at least partially contingent on 
a mechanism of competition between pheromone sources from deployed formulations 
and those from wild and also sterile females. 

Cardé et al. (1998), interpreting the mechanisms of mating disruption in the pink 
bollworm, assumed that wild and sterile pink bollworm males were behaviourally 
equivalent. An open question, however, is whether continuous exposure to high 
pheromone levels during many generations under mass-rearing has altered its 
pheromone response characteristics. 

An obvious criterion for evaluating sterile moths is how competitive they are in 
finding mates. If the SIT is to be integrated with mating disruption, then another 
criterion may be the ability of sterile males to find wild females amidst a background 
of disruptant and whether this is a trait that can be enhanced by selection. 
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6. CONCLUSIONS 


The principle and its practical application that formulated pheromone can control 
many kinds of moth pests are well established. The susceptibility of a given moth pest 
to mating disruption, however, varies with characteristics of its communication 
system (e.g. rate of pheromone release from the female, male sensitivity to sensory 
interference) and formulation rate of release, its match to the natural pheromone, and 
type (e.g. widely-spaced aerosol dispensers, point sources mimicking females, non- 
attractive disruptants). The acceptance of this method for management of many 
species of moths signifies both its efficacy and cost-effectiveness. 

Incorporation of mating disruption into area-wide integrated management 
programmes would seem to be a straightforward process, simply requiring scale-up 
of established methods, with the benefit that efficacy is expected to be enhanced, 
given that a large area of application (hundreds of ha) mitigates the influx of mated 
females from the periphery. One concern in widespread use of mating disruption is 
that the goal, suppression of mating, also suppresses capture in pheromone-baited 
traps, which can be a useful tool for population monitoring. 

Replicated field demonstrations that the larger the disruptant-treated area, the 
greater the efficacy of mating disruption generally, however, will remain an elusive 
and perhaps intractable experimental goal. We will continue to rely on replicated, 
small-scale trials to establish that formulations are sufficiently efficacious to warrant 
area-wide application. Ultimately, the success of any area-wide approach depends not 
just on effective tools for insect control, but cost-effectiveness, environment- 
friendliness, social acceptance, and management protocols for implementation 
(Hendrichs et al. 2007). 
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SUMMARY 


The potential power of CRISPR-based gene drives makes it necessary to engage in science and technology 
assessment already in early stages of research and development. In order to argue for efforts to address this 
urgent need, gene drives to combat malaria-transmitting mosquitoes are discussed using the concept of 
prospective technology assessment. First, development risks are described, followed by considerations 
about anticipatable risks and irreversible consequences, as well as unforeseeable effects and uncertainties. 
Afterwards, fundamental problems in connection with the development of gene drives against malaria 
mosquitoes are raised. Opportunities for shaping technology are briefly discussed, before alternatives, in 
particular the World Health Organization’s elimination strategy, are considered. Finally, several normative 
questions are put forward. 
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1. THE MALARIA CHALLENGE 


Malaria is caused by Plasmodium parasites which infected female mosquitoes can 
transmit to humans. Most of the malaria control strategies have been aimed at 
managing the vector of the malaria pathogen, i.e. the relevant mosquitoes of the genus 
Anopheles. However, not only the main malaria vector Anopheles gambiae Giles can 
transmit malaria, but in sum more than 30 Anopheles species (with highly varying 
regional distribution), i.e. roughly one percent of all known mosquito species can do 
so (NAS 2016). 
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The Plasmodium cycle first takes place in an infected mosquito (in particular 
inside the salivary glands) and after transmission in the liver and blood of a human. 
Some of the pathogens reach a sexual stage so that the whole malaria-parasite cycle 
(mosquito-human-mosquito) can start again after a bite of another mosquito which 
gets infected (White et al. 2014). Malaria is still endemic in many regions of the world. 
The World Health Organization (WHO) estimates that currently about 200 million 
humans are infected annually. In 2015, death cases due to malaria were in the range 
of 438 000, primarily in Africa (WHO 20152). 

The fight against malaria is regarded as one of the grand global challenges and 
was appropriately included in the UN Agenda for Sustainable Development in 2015. 
Control of the mosquito vector is mainly hampered by the development of resistance 
against the commonly used insecticides. Therefore, novel biotechnological strategies 
are under development and are coming into operation (for an overview cf. e.g. Alphey 
2014). One such novel approach is a new tool of genetic engineering, i.e. the 
mutagenic chain reaction, mostly called gene drive, which comprises a variety of 
different technologies. 


2. GENE DRIVE AND PROSPECTIVE TECHNOLOGY ASSESSMENT 


Sexual reproduction provides, in principle, a 50 % probability for the propagation of 
the parental genotypes to the progeny in accordance with Mendelian heredity rules. 
This evolutionary mechanism can be circumvented if specific parts of the genome can 
be transformed from heterozygote to homozygote, which has been observed in nature 
in some exceptional cases. Then, certain genotypes can be inherited with quite a high 
probability (significantly above 50% and up to 100%) even if the fitness of the 
offspring is adversely affected. 

In 2003, the British researcher Austin Burt proposed to genetically engineer such 
gene drives and to use them against malaria-transmitting mosquitoes (Burt 2003). The 
key idea was “to drive novel genes or mutations into wild populations" (Bull 2015). 
Theoretically, a rapid and targeted manipulation of entire mosquito populations would 
be possible while circumventing Mendelian rules. First attempts were made in the 
laboratory (e.g. Windbichler et al. 2011), but a research boom started only in 2013 
with the discovery of the novel gene scissor CRISPR-Cas9 (Clustered Regularly 
Interspaced Short Palindromic Repeats-CRISPR-associated 9). The first CRISPR- 
based manipulation of the fruit fly Drosophila melanogaster Meigen in the laboratory 
was named as a mutagenic chain reaction by the researchers involved (Gantz and Bier 
2015). Meanwhile, gene drives have been technically realized in the laboratory in 
yeast (DiCarlo et al. 2015) and in the malaria-transmitting mosquitoes Anopheles 
stephensi Liston (Gantz et al. 2015) and An. gambiae (Hammond et al. 2016). 

Considering the malaria case in particular, gene drive approaches can be divided 
into suppression drives and modification/manipulation drives. Suppression drives aim 
at dramatically reducing or eradicating malaria-transmitting insect populations, 
regionally or globally. Modification/manipulation drives strive to genetically modify 
or manipulate mosquitoes in a way that malaria infection of humans is reduced or 
disabled. 
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Gene drives could become extremely powerful tools for humans to make dramatic 
intentional or unintentional changes in populations and entire ecosystems. Therefore, 
it is necessary to engage in appropriate procedures of science and technology 
assessment in good time before such technologies are mature. An appropriate concept 
to guide such efforts is the approach of prospective technology assessment (ProTA) 
(Liebert and Schmidt 2010, 2015), which includes: 

e analysis of scientific-technological development at an early stage, anticipating 
what might be relevant for science-based mid-term assessments and for 
(participatory) discourse inside and outside science 

e assessment of intentions/visions, potentials, risks and unintended consequences, 
realistic potentials versus unrealistic visions and promises, uncertainties (and 
ignorance) 

e characterization of the type of technology involved 

e analysis/assessment of opportunities for shaping science and technology and of 
technical or socio-technical alternatives, so that desired potentials can be exploited 

e reflection on normative issues, values and interests involved. 

ProTA is more than an accompanying exercise of socio-economic research on 
societal or industrial acceptability, but it is partly impossible without analysing the 
scientific-technological core itself. ProTA differs also from outlining a development 
pathway for gene drive mosquitoes from research to use in the wild, including safe 
and efficient field-testing, regulations and post-implementation monitoring (James et 
al. 2018). In the following, above mentioned aspects of ProTA will be elaborated on. 
In doing so, sometimes more questions will be raised than answered. 


3. INTENTIONS, POTENTIAL AND DEVELOPMENT RISKS 


In general, research aiming to realize the potential of CRISPR-Cas9-based gene drives 
to reduce or eradicate malaria seems to be justified. The suffering of malaria victims 
worldwide, and in several African regions in particular, cannot be ignored by the 
international community. However, malaria is not only a naturally occurring 
phenomenon and a serious plague for humankind, but also an unpleasant result of 
human evolution that has provoked a long-lasting human and humanitarian struggle 
against it. 

It is not only a question of scientific understanding and development of technical 
tools. Social, political and economic factors are also of great importance. Social 
organization and behaviour, access to modern healthcare, a functioning healthcare 
system in the regions concerned, preventive and curative measures and availability of 
suitable means are of utmost importance when trying to manage malaria. What we 
currently observe is an unjust societal and global divide with respect to the malaria 
burden, with prevention and medication affordable for the rich, but not for the poor. 
It is important to recognize that the remarkable social stratification of the malaria 
burden has almost nothing to do with new technological approaches to fight against 
malaria. 
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Nevertheless, new biotechnical tools might provide helpful contributions to better 
manage malaria. Production and release of sterilized or Wolbachia-infected 
mosquitoes are already being validated in pilot projects to locally manage mosquito 
populations (Bourtzis et al. 2016). At first glance, CRISPR-based gene drives 
manipulating the genetic code of mosquitoes, at least theoretically, seem to be most 
promising in terms of efficacy. The release of one single modified organism could, in 
the medium-term, result in the modification of all individuals of a specific mosquito 
population (Noble et al. 2017). However, it turned out that in all of the above- 
mentioned laboratory experiments the chain reactions are being reduced after a few 
generations. The engineered gene drives effectively became unstable (Gantz et al. 
2015; Champer et al. 2016, 2017), which is not the case in naturally occurring selfish 
genes. Indeed, in the drive systems described so far, resistance alleles were detected 
after a few generations, highlighting a fundamental instability of engineered homing- 
based systems!. Thus, the potential of gene drives, which could be exploited in 
principle, has been made visible, but not more. Instead, development risks have 
emerged questioning whether the objective of a functional gene drive can be achieved. 
The observed slowdown of gene drives is partly due to the fact that, after a cleavage 
of targeted DNA due to CRISPR-Cas9, competing repair mechanisms are coming into 
play. With relevant probability non-homologous end joining (NHEJ) is sometimes 
faster and more prevalent than homology-directed repair (HDR), which only leads to 
the engineered homing endonuclease with self-replicating characteristics passing on 
the new genetic information from generation to generation. NHEJ can produce 
resistance against the drive and eventually stop the mutagenic chain reaction 
(Unckless et al. 2017; Champer et al. 2017). 

It is not clear whether an evolutionary stable homing-based gene drive can be 
engineered (Bull 2015). Limited efficiency of gene drives could be regarded as 
something positive, in particular if one is afraid of a virtually unlimited efficacy of 
such engineered systems. However, it is possible to precisely predict the non-linear 
behaviour of gene drives in the wild? How exactly can mathematical modelling 
reproduce the actual complex dynamics? Can a persistent behaviour of a gene drive 
construct, which was originally predicted as eventually self-limiting, be excluded? It 
is being proposed to overcome resistance phenomena by combining several drives and 
targeting different DNA sites simultaneously. But that has not been demonstrated so 
far and it could turn out that complexity and instability would again be increased 
instead. 

It is also questioned whether homologous recombination, which is essential for 
gene drives, is error-free (Guirouilh-Barbat et al. 2014). There are also doubts that 
gene drives in wild mosquito populations will be feasible.? Although CRISPR-Cas9 
is much easier, cheaper, faster, and more precise in usage than older tools of targeted 
genetic engineering, e.g. ZINC finger or TALEN (NAS 2016, p. 24-31; Hacker and 
Schetelig, this volume), off-target effects due to an incomplete specificity of 
constructed guide-RNAs cannot be excluded, which are associated with off-target 
DNA cleavages. These can contribute to an evolutionary instability of gene drives. 
Furthermore, cross-fertilization has been reported among various mosquito species 
(Tripet et al. 2011). Thus, one insect species could take the role of transmitting 
diseases from another. 
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At the same time, it is also well known that Anopheles mosquitoes possess a large 
genetic diversity and evolutionary adaptability. In particular, that is the case for An. 
gambiae, the primary carrier of Plasmodium in sub-Saharan Africa (The Anopheles 
gambiae 1000 Genomes Consortium 2017). Hence, the genetic variability of targeted 
mosquito species is a hurdle for an efficient gene drive strategy and a single gene drive 
might not be effective so that the development and use of many gene drive constructs 
might be needed to cover the range of genetic variants of Anopheles. Hence, 
functioning of mutagenic chain reactions or gene drives in malaria-transmitting 
mosquito populations is questioned from various sides. Development risks are 
numerous, but scientists eager to take on the challenges could ultimately overcome 
the obstacles. Therefore, one should be careful in stating that gene drives are not 
feasible; rather, one should anticipate that they can become a reality in the near future, 
and therefore there is an urgent need to study the risks and consequences involved. 


4. RISKS, CONSEQUENCES, AND UNCERTAINTIES 


What risks would be involved using gene drives to suppress insect pests in the wild? 
Unleashing a highly potent mutagenic chain reaction in insects like malaria- 
transmitting mosquitoes could eventually spread across national borders. The 
population extinction programme could potentially work globally. This begs the 
following pertinent questions: who has the legitimate right to decide the initiation of 
such a mission and who will regulate it? Who will take part in the decision-making? 
What to do if approval is obtained in one country but not in the neighbouring country? 
Fundamentally, this would concern all living beings, and humankind as a whole 
should be asked. Could that be organized? 

What, if modified mosquito genes mutate and further evolve, creating possibly 
unwanted variants? Could that be induced by off-target effects due to the fact that the 
specificity of guide RNAs targeting cleavage points in the DNA is not 100%? 
Polymorphism as a genetic variation inside a population could be induced causing 
unclear consequences (Araki et al. 2014). Recently, a scientific debate has started over 
the importance of off-target effects. The creation of unintended single-nucleotide 
variants — not only small insertions and deletions (indels) — would fuel concerns. That 
can only be detected by whole-genome sequencing after gene-editing with CRISPR- 
Cas9. Unfortunately, that is seldom done by the researchers so far.? 

Is it possible that after implementing the genetically engineered population 
suppression or modification against An. gambiae, Plasmodium falciparum Welch 
and/or other malaria parasites find a way to change their currently favoured or most 
important host mosquito? The ecological niche left open could be filled again. We 
already know about 30 mosquito species that can transmit malaria, but what would be 
the next move? Would this require efforts to eradicate more and more mosquito 
populations or species by engineering and unleashing more and more gene drives in 
nature? Moreover, the reduction of transmitting rates could lead to increased selection 
pressure on the pathogen itself, which could in turn develop an increased virulence 
(David et al. 2013). 
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As cross-fertilization between different mosquito species has been observed (Fang 
2010), an interspecific gene flow could affect other non-target mosquitoes or insects. 
This entails the potential of a gene drive-based eradication programme to jump over 
to other species (David et al. 2013), in particular if target sequences are equal. An 
effective elimination programme, originally targeting one species, could then result in 
significant consequences for ecosystems. 

If targeted mosquito species play important roles in ecosystems or if other species 
are non-intentionally also affected, unwanted cascading effects in ecosystems are 
possible. Is it scientifically irrefutably clarified that malaria mosquitoes only have a 
damaging function in nature by infecting humans and other hosts? Do they have 
instead also important beneficial or indispensable roles in the food chain or in 
pollination processes? For mosquitoes in general, there are examples showing such 
vital purposes, like in the Camargue, in Nordic Arctic, or in aquatic systems (Fang 
2010), but mainly we have to admit ignorance about side effects of eradicating 
malaria-transmitting Anopheles mosquitoes (David et al. 2013). However, a 
comparison in this respect with other methods of malaria vector control must not turn 
out negatively for gene drives. 

Questions related to modification/manipulation drives indirectly aimed at the 
Plasmodium parasite or rendering the parasite harmless for humans are quite similar, 
even though the strategy would be different, i.e. not suppression or eradication. Off- 
target effects could also have negative consequences and unwanted genetically 
engineered variants could emerge and reproduce. Accidentally, also the pathogenicity 
of the parasite could be increased. 

It is well known that parasites evolve quickly and in unforeseen ways in relation 
to their hosts (Wijayawardena et al. 2013. A genetically engineered intervention into 
this interplay could result in unexpected or even damaging consequences. Could a 
mutating parasite like Plasmodium escape the grasp of newly engineered 
characteristics of the host mosquito? Would that just cheat the gene drive or probably 
even facilitate malaria transmission pathways or render the infections’ impact on 
humans more likely or worse? Would that maybe provoke the engineering of another 
gene drive attempt and after the next one, another one, and so on? 

Some scientists involved in gene drive research and development are warning that 
modified/manipulated drives are highly invasive in wild populations, even if their 
efficiency is low or resistance against the drive occurs (Noble et al. 2018). The 
question, among others, is what consequences will the spread of newly introduced 
alleles have? Is it possible to clarify this in advance? Is that also relevant for 
suppression drives, even if they are more or less limited in their potential to drive to 
fixation? 

Thus, several risks and consequences of gene drives can be anticipated in all 
clarity. However, there are also plenty of uncertainties and unknowns due to the 
dynamic complexity of natural systems. Some important dynamical features are 
probably unknowable. A report of the US National Academy of Sciences (NAS 2016) 
has confirmed that many gaps exist in our knowledge on off-target effects of gene 
drives inside targeted organisms and on non-intended effects on other species and the 
environment. 
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5. FUNDAMENTAL PROBLEMS AND QUESTIONS RELATED TO GENE 
DRIVES 


If it is possible to engineer gene drives working effectively in a natural environment, 
then any single release of one gene drive modified organism could have irreversible 
consequences. The characteristics of the modified organism or the ramifications of 
the induced mutagenic chain reaction could also turn out as *wrong" or become 
detrimental, what is probably unknown prior to its release. Therefore, there is no 
tolerable limited release, as long as unwanted impacts cannot be completely excluded. 
The dual-use potential of gene drives seems to be obvious. Once it is sufficiently 
clarified that gene drives can be reliably engineered, small competent groups could 
(with only a limited amount of money) covertly pursue a strategy to engineer and use 
gene drives to the harm of others. One example could be an attacker (state or non- 
state actor) who decides to manipulate an important organism that is beneficial for 
agriculture and that can only be found regionally or locally, with the aim to harm an 
adversary. Also, weapon-like effects of engineered gene drives are imaginable.* 
Studying such possibilities in detail is therefore necessary prior to major investments 
in the development of gene drive technology. 

With mutagenic chain reactions becoming a reality, the already significant depth 
of intervention by humans into natural processes would be massively increased. It has 
been proposed to differentiate genetic methods of mosquito control into more or less 
self-limiting approaches, and in increasingly self-sustaining invasive tools, which can 
or should persist in nature (Alphey 2014). Gene drives, in principle, correspond to the 
latter category and could become extremely powerful technologies, but with a high 
risk as unintended changes could become fully irreversible. 

The precautionary principle, which is a guideline at least in the European context, 
would require an in-depth study of the risks of this new technology prior to any 
development in the laboratory and even more so prior to any consideration about 
application in nature. A number of serious risks and probable hazardous events due to 
gene drives have been already identified (cf. e.g. Hayes et al. 2018, p. S143). Those 
must be scrutinized and "Scientists must remain mindful that great power entails 
equally great responsibility, and take precautions accordingly" (Min et al. 2018, p. 
854). 

Unlike genetically modified organisms (GMOs), animals manipulated by gene 
drives are engineered with selfish genetic elements deliberately designed to spread in 
the environment and to operate autonomously in nature. Could these constructed or 
affected organisms evolve in a way not anticipated or even not anticipatable by their 
designers? Must we realize that a new form of technology is emerging? 

Jan Schmidt (2015, 2016) has coined the term /ate-modern technology (“nach- 
moderne Technik") to identify a remarkable paradigm-shift. This new type of 
technology is based on the concept of self-organization and is linked to instabilities 
which can be triggered in non-linear dynamical systems. In contrast to the classic- 
modern type of technology, which is related to concepts of stability, linearization, 
predictability and controllability of functions and outcomes, in late-modern 
technology evolutionary, self-organizational, and non-linear features are exploited, 
which could lead in principle to intrinsic limits with respect to predictability and 
controllability. 
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Organisms manipulated by an engineered gene drive are not only intentionally 
self-replicating but also capable of further evolutionary changes. This technology has 
to go through instabilities and has to trigger instabilities. It is a type of technology 
which acts nature-like in nature. However, this kind of built-in dynamic is provoking 
limitations with regard to the possibility of a stable construction of the techno- 
biological system and also with regard to subsequent monitoring and control of the 
technology. A remarkable difference to classical modern and rational technology 
concepts is emerging. 

Engineering gene drives to fight malaria could turn out as a harbinger of much 
more. Could gene drives against other mosquitoes, or against other insects in general 
or rodents transmitting infectious diseases be next? Gene drives could also be 
engineered against any so-called pest animals. Various tephritid fruit flies or plague 
locusts (Acrididae) could be a target. Also, non-native invasive species (plants as well 
as animals) could be attacked, eventually eradicated. All that is already mentioned in 
the NAS (2016) report. The research, development and use of gene drives against 
malaria-transmitting mosquitoes, which can be argued for based on convincing 
humanitarian objectives, could be the door-opener for a new dimension of human 
campaigns in and probably against nature or its biodiversity. 

What starts with the fight against malaria could end up with nature being totally 
in the hands of humans (“Natur unter Menschenhand"), nature under complete 
management of humans, as the biologist and influential science manager Hubert 
Markl propagated already 20 years ago (Markl 1998, p. 147). Gene drives will 
dramatically change the way humans can interact with nature. Humans will have a 
tool then, to deliberately steer evolution — with less time for the ecosystems to adapt 
to the induced turbulence, in contrast to changes due to current tools and naturally 
occurring mutations. Humans can decide what species they like or dislike, which one 
has the right to survive in a given form, etc. 

One of the young shooting-stars on the scientific scene (emerging from the group 
around George B. Church), Kevin Esvelt, already named his new working group at 
the Massachusetts Institute of Technology “Sculpting Evolution". Despite the far- 
reaching visions, however, we are faced with huge unknowns of the complex, non- 
linear interactions in genetic transfer, living cells and organisms, populations, 
ecosystems, and sensitive global life connections. 

It appears that an intrinsic logic might underlie gene drive approaches against 
malaria-transmitting mosquitoes, as well as the other above-mentioned objectives: it 
is conceivable that after a first gene drive attempt more and more gene drives have to 
be engineered and released to correct or improve what wasn't achieved in the first 
step. As one gene drive will not suffice, the pressure for more will “naturally” be 
generated to bring about human control — which could turn out as being unachievable 
in the end. Do we have to expect a chain reaction of mutagenic chain reactions? A 
pathway towards life on earth totally in the hand of humans, prone to human errors 
and ignorance? 
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6. SHAPING OPPORTUNITIES FOR GENE DRIVES? 


Is there a chance to shape gene drives in a way that serious risks associated with them 
could be eliminated? Engineering “reversal drives" has been proposed that can undo 
results of a drive if necessary. But how to deal with off-target effects of both the 
original and the reversal drives? One is stuck in a principle problem. Therefore, even 
for several scientists involved in gene drive research, engineering reversal drives is 
not a convincing concept because a potential fundamental irreversibility of gene 
drives is admitted, and a reversal drive could only be a second drive which again could 
be ill-targeted. 

Recently, self-limiting CRISPR-based drives have been proposed (Noble et al. 
2019). But, so-called daisy-chain drives are just theoretical models and do not reflect 
on the real complex dynamics in real life. Furthermore, this concept seems to be more 
a test-bed approach, where drives at first (hopefully) are locally and timely restricted, 
but later a full-fleshed global release is intended. Furthermore, my impression is that 
it is more likely that all attempts to improve gene drives by additional features, 
proposed so far, increase the complexity and non-linearity of the engineered 
constructs and thus it is more likely that they would increase concerns. 


7. ALTERNATIVES TO GENE DRIVES 


If one hesitates to believe in gene drives as the new silver bullet against malaria, one 
has to refer to the alternatives. Several ideas for technical alternatives are currently 
discussed, researched, validated and are partly in use (Alphey 2014; Bourtzis et al. 
2016; Fasulo et al., this volume; Hácker and Schetelig, this volume). One example is 
the infection of Aedes or Anopheles mosquitoes with Wolbachia bacteria 
(Incompatible Insect Technique or IIT), which are maternally inherited and affect 
reproduction capabilities, leading to strategies to suppress or replace mosquito 
populations (Bourtzis et al. 2016). Another example of population suppression is the 
release of genetically modified mosquitoes passing on dominant lethal factors to their 
offspring (RIDL) (Alphey 2014; but see Evans et al. (2019). 

Another approach, which has been in use for over 50 years on all continents against 
major agricultural pest insects, is the Sterile Insect Technique (SIT), where large 
numbers of the target insects are mass-reared, sterilized by radiation, and then released 
in order to negatively influence the reproduction of insect populations (Dyck et al. 
2021). 

Multiple releases of sufficient quantities of manipulated mosquitoes are necessary 
in all these cases (when population suppression rather than replacement is the 
objective), to obtain the wanted results. Such approaches can also be debated and must 
be carefully assessed. Obeying the precautionary principle is also mandatory for these 
technologies. But, in principle, one could say, that unpleasant risks and other 
ramifications of these alternative technologies might be less severe than in the case of 
gene drives. In the case of the SIT, there are decades of track record of successful 
large-scale application against many pest insects. As the released insects are sterile, 
they cannot become established, and thus there is no irreversibility.? 
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8. GLOBAL PROGRAMME TO ELIMINATE MALARIA 


Of particular importance with regard to alternatives is the global programme to 
eliminate malaria. The United Nations and the WHO have declared the intent of 
reaching this goal by 2030 (WHO 2015b) using the following classical methods: 

e vector control, in particular by distribution of long-lasting insecticidal bed nets; 
indoor residual spraying; mosquito screening, surveillance and monitoring; and 
education of citizens in endemic regions 

e prevention, in particular preventive intermittent chemoprophylactic treatment of 
pregnant women and children under 5 years, especially in many African regions 

e better access and use of diagnostic testing and appropriate medical treatment (e.g. 
artemisinin-based combination therapy). 

In this century, important successes in the fight against malaria have already been 
recorded: a reduction of malaria incidence by 37% and of mortality rate by 60% 
(WHO 20152). Therefore, the hopes are high that the malaria elimination strategy can 
be accomplished, if sufficient funding can be raised (much more than USD 2.5 billion 
annually, which was the global financing for malaria control in 2014, will be needed) 
and if a concerted effort and enduring engagement of all stakeholders can be achieved 
over the next coming years. In this struggle, unglamorous tasks such as improvement 
or set up a minimally functional health care system are critical, including durable and 
affordable access to diagnostics and pharmaceuticals, as well as educating and 
empowering communities so that they can reduce the risk themselves. A success with 
this strategy would also have further positive ramifications not just with respect to 
malaria. 

Itis clear that the global programme to eliminate malaria involves much more than 
just high technological means such as gene drives. The malaria challenge is not only 
a problem solvable with scientific-technological approaches, but also social, political 
and economic factors have to be addressed. Not only is vector control crucial, but in 
the end, control of P. falciparum and other parasites is of utmost importance. The 
parasite cycle has to be interrupted in a sustainable manner, which is much more an 
issue of health care, access to suitable simple measures, societal development, etc. 
than using sophisticated novel technologies. Without a somewhat stable (minimal) 
health care system in the endemic regions of concern, elimination of malaria is 
impossible. Also, the socio-economic conditions of the disease's origin, besides the 
natural-scientific causes for malaria, need to be scrutinized in order to find appropriate 
means to support the transition process towards malaria elimination. Population 
growth of mosquitoes has also to do with socio-cultural or techno-economic change, 
for example the rapid increase of plastic containers used for food distribution or scrap 
tyres provide some mosquitoes with ideal breeding grounds. 

One should also remark that in several countries past (successful) elimination 
campaigns also had harmful side effects on the environment by massive use of DDT; 
furthermore, first resistances of mosquitoes against insecticides developed at that 
time. Improper use of malaria drugs, which mostly have to be taken in suitable 
combinations, has also led to resistance of the malaria parasite. 
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9. NORMATIVE QUESTIONS 


Many issues and values involved in the necessary debate on gene drives are mentioned 
in the NAS (2016) study “Gene drives on the horizon". Many scientists state: “risk 
has to be balanced against benefit”, which can lead to a purely utilitarian position. 
Clearly, weighing positive and negative consequences is a relevant part, but ethical 
reflection should heed all ramifications and also fundamental problematics. 

Derived from Hans Jonas' principle of responsibility (Jonas 1979), which aims at 
achieving a “conservative” preservation of our lifeworld, the precautionary principle 
focuses mainly on objective reasoning in respect to serious risks, notwithstanding that 
benefits might also be possible. On the other hand, an unfolding principle, which 
strives for "alliance technology" serving humankind and being concurrently in 
harmony with nature (Bloch 1959), requests a positive and socially just developmental 
progression of humankind by using new technology that is bound to its alliance with 
nature, in harmony with nature. Both principles which may be contradictory at a first 
glance can be used as normative orientation®, already in the process of research and 
development, when striving for the eradication of malaria (probably using gene 
drives). 

The perceived role of humans in nature is highly relevant: what position has 
humankind within nature, still being a central part of our common lifeworld which we 
share with other living beings? One position claims a human role as the manager of 
all life on earth, man as “master of nature" (Descartes), the other sees humankind 
embedded into nature and as partner of life on earth, or as Albert Schweitzer has 
formulated it in his principle respect for life (Schweitzer 1966): I am life that wants 
to live in the middle of life that wants to live. 

How should members of the scientific community and of our societies behave in 
between these diametrically opposite positions? Schweitzer's position seems to be 
incompatible with an approach where humankind feels entitled to steer evolution on 
earth. Who is entitled to change nature in a way that it could irreversibly affect all life 
on earth? A single researcher, the scientific community, a competent national agency, 
a nation? 

In any case, the whole fabric of risks, uncertainties and ignorance, and the possible 
dramatic consequences of mutagenic chain reactions, will (and must) have a massive 
influence on ethical discourse debating responsible conduct in gene drive R&D 
directed towards practical use, and other technology-based malaria elimination 
strategies. In the end, it has to be assessed which procedure for malaria elimination 
seems to be promising, associated with low risk, and is globally, societally and 
ethically acceptable. I deem it as obvious that the WHO strategy cannot be replaced 
by anything else. But maybe additional new measures or tools could be helpful. 

All potentials, risks, uncertainties, ramifications of gene drive R&D have to be 
made transparent within science and to the broader public as early as possible. When 
a gene drive technology against malaria-transmitting mosquitoes seems to be mature 
— and that could soon be the intuition of several researchers and funding organizations 
(like the Gates Foundation) involved — it would probably be too late to be withheld. 
Then it will be no longer possible to stop its use in a region with serious malaria 
burden. 
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The hope of promoters is that some advantages will predominate notwithstanding 
those arguments describing possible or anticipatable negative side effects or long-term 
consequences, serious uncertainties and ramifications that have been put forward. All 
the concerns will then be covered-up by promises and hopes. 

In conclusion, using the example of combatting malaria, this contribution tried to 
substantiate why prospective technology assessment in the field of gene drive research 
and development is urgent and what issues should be assessed in order to provide 
input for decision making inside and outside science. The pertinent questions to be 
answered are going beyond tailored disciplinary research fields of scientific specialty. 
As scientists involved in gene drive research have put it: 


"Determining whether, when, and how to develop gene drive interventions 
responsibly will be a defining challenge of our time” (Min et al. 2018, p. S40). 


10. NOTES 


(1) More precisely: homing endonuclease genes (HEGs) or homing-based gene drives. 

(2) The entomologist Flaminia Catteruccia is cited with: “...you can have the fanciest 
technology on earth, the perfect gene drive, but if your laboratory mosquitoes can't mate 
with wild mosquitoes, then it's not going to work at all” (Shaw 2016). 

(3) Schaefer et al. (2017) had reported in Nature an unexpected high number of unintended 
single-nucleotide variants after genome editing with CRISPR-Cas9 in a laboratory 
population of mice. After several criticisms, the Nature editors have withdrawn the paper 
because it could not be shown beyond any doubt that the use of the gene scissor was the 
cause of these effects. However, they admitted that Schaefer et al. “did not examine only 
predicted sites", as in many other studies, “but looked at the entire genome" and that the 
“work of Schaefer et al. highlights limitations in the current literature that should be 
considered" (Nature Methods 15 (4): 229-230). 

(4) At end of 2017, it has been revealed that the US Defense Advanced Research Projects 
Agency (DARPA) is investing 100 million USD in gene drive technology 
(http://genedrivefiles.synbiowatch.org/). 

(5) Therefore, sterile insects are accepted as beneficial organisms by the International Plant 
Protection Convention (FAO 2005), to which 183 countries are signatories. 

(6) More about these viewpoints can be found in Liebert and Schmidt (2015). 
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SUMMARY 


Gene and genome editing are described as cutting-edge research tools with the potential to tackle urgent 
global challenges in the management of agricultural pests and human disease vectors such as mosquitoes. 
The field is defined by the chances and challenges to interlink the disciplines of insect genomics, molecular 
biology, and pest control together with the need for clear risk assessment, policy development and public 
approval of the application of such novel technologies. The goal is to generate innovative and sustainable 
pest control solutions applied in the best interest for the environment and human society. Here, starting 
from available genome editing technologies, the current strategies and applications for insect pest control 
are discussed, including approaches to overcome the evolution of resistance alleles and other potential 
pitfalls to be expected from selective pressures resulting from gene drive applications. They are 
supplemented by views on regulatory, policy and ethical considerations that in our opinion will be 
necessary to define how the different tools can be used in the future in a safe and responsible way. 


Key Words: CRISPR-Cas9, gene editing, gene drive, genome engineering, GMO, transgenic, insect 
genomics, engineered nucleases, meganucleases, zinc finger nucleases, TALEN, homing endonucleases, 
regulations, risk assessment, ethics 
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1. INTRODUCTION 


Europe faces serious problems related to insect pests in two key areas: health and 
agriculture. The European Centre for Disease Prevention and Control has warned 
European authorities of the increased risk of local transmission cycles and epidemics 
of mosquito-borne infectious diseases (ECDC 2018). Locally transmitted cases of 
malaria, for instance, have already been reported in Greece, while in other regions in 
the world the disease claims nearly half a million lives annually. Similar threats are 
emerging with viral diseases such as chikungunya and viral haemorrhagic fevers 
including Hantaan, dengue, and yellow fever. European authorities have responded to 
this new threat with recommendations for vector control measures, as well as 
increased financing for relevant research, demonstrating the interest and concern of 
the European Union (EU). 

Additionally, endemic and invasive agricultural insect pests cause tremendous 
losses in agricultural yield and revenues. Worldwide, insects cause up to 40% loss of 
potential crop yields, and the European Environment Agency reported the presence of 
over 10 000 invasive pest species for Europe in 2017 (EEA 2017). Significant damage 
caused by these pests affect the economy and negatively impact biodiversity. Invasive 
species directly cost Europe billions of Euros per year. Additionally, heavy reliance 
on pesticides to control them generates significant unquantified costs. These are costs 
associated with environmental pollution, e.g. soil and water. Other costs arise from 
resistant pests and include those required to develop alternative new effective 
pesticides. Also, loss in biodiversity, reintroducing biodiversity, and the impact on 
public health from pesticide residues or direct exposure to pesticides add to the 
expenses. 

For these reasons, innovative pest management methods and strategies are 
urgently needed. Numerous stakeholders have expressed this urgency to prevent total 
crop losses and combat diseases transferred by mosquito vectors, but, at the same 
time, demand clear information about the risks and benefits of such novel 
technologies. 

Novel vector and pest control solutions based on genome editing tools have the 
potential to improve the lives of millions of people, both by offering adequate 
protection against insect-borne diseases and by preventing crop and livestock 
damages caused by invasive agricultural pests. By using these novel technologies, 
different approaches are now possible that were only fiction in the past. While they 
sound promising, their possible side effects have to be considered and detailed 
evaluations prepared concerning the applicability of such new systems. Moreover, 
societal questions need to be answered like ‘Should we use some of the technologies 
at all?’ In the end, it is a combination of science, technology, ethics, policy, and 
communication that will define the feasibility and applicability of one or the other 
technology. 
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In this chapter, we want to review the technological genome editing options that 
are available and have been developed in the field so far. We also discuss their ‘curse 
or blessing’, together with considerations for their safe and responsible application for 
insect pest control tactics and strategies that do not pose risks and are friendly to the 
environment. The views presented here are the personal opinion of the authors on this 
important topic, without the claim for completeness or being the only or best possible 
solution. More considerations on the evaluation of gene editing and gene drive 
technologies are presented in the chapters by Liebert (this volume) and Nielsen (this 
volume). 


2. AVAILABLE GENOME EDITING TECHNOLOGIES 


Genome editing technologies can be divided into three categories: homologous 
recombination, engineered nucleases, and the CRISPR/Cas system. 


2.1. Homologous Recombination 


The early genome editing trials were performed by homologous recombination (HR), 
based on observations from the yeast Saccharomyces cerevisiae Meyen ex E.C. 
Hansen, where HR occurs at a high frequency. A specific sequence can be inserted 
into the genome at a defined position by flanking the sequence with homology arms 
identical to the sequences left and right of the selected insertion position. The 
construct is then injected into cells and inserted into the genome by recombination of 
the homology arms with the corresponding genomic sequences. However, the 
recombination rate in most cell types is meagre. In higher plants, it is estimated to be 
in the range of 0.01-0.1% (Puchta 2002; Hanin and Paszkowski 2003; Reiss 2003). In 
mammalian cells such as mouse embryonic stem cells it can be 1% or higher, but it 
can as well be as low as one in more than a million events (Vasquez et al. 2001). 
Moreover, the integration often occurs at unspecific sites, leading to off-targeting with 
a frequency of one in 10? to 10* treated cells (Vasquez et al. 2001). Design of the 
homology arms (sequence and length) seems crucial for the off-target rate in human 
cells, as the genome contains a lot of repetitive elements such as LINEs and SINEs 
(Long and Short Interspersed Nuclear Elements), which comprise 36% of the human 
genome. The longer the arms, the higher the probability of including such repetitive 
elements, which can cause recombination at unspecific sites (Ishii et al. 2014). 


2.2. Engineered Nucleases 


A more efficient way to edit genomes was established with the use of engineered 
nucleases. These nucleases act like molecular scissors, inducing double strand breaks 
at specific genomic positions that are then repaired by one of the two cellular repair 
pathways: non-homologous end joining (NHEJ) or homology-directed repair (HDR). 


812 I. HACKER AND M. F. SCHETELIG 


Three different nuclease families have been engineered for genome editing: 
meganucleases, zinc finger nucleases (ZFNs), and transcription activator-like 
effector-based nucleases (TALEN). 

Meganucleases are predominantly found in microbes, and it is almost impossible 
to find a natural meganuclease targeting the specified sequence. Therefore, scientists 
applied different strategies, including random mutagenesis and high throughput 
screening, fusion of different nucleases, as well as rational design, to modify the 
binding specificity of the enzymes to expand the rather limited choice of target 
sequences (Sussman et al. 2004; Arnould et al. 2006; Rosen et al. 2006). With a 
recognition sequence of 14-40 nucleotides, meganucleases have a high target site 
specificity. 

The ZFNs and TALENS are fusion proteins consisting of a non-specific DNA 
cutting enzyme, the restriction endonuclease Fokl, which is linked to a zinc finger 
(ZF) or transcription activator-like effector (TALE) domain. These peptides recognize 
specific DNA sequences and thereby confer sequence specificity to the endonuclease. 
Like meganucleases, the choice of naturally occurring target sites of ZFs and TALEs 
is limited and can be extended by protein engineering to theoretically bind nearly any 
desired sequence. 

Targeted genome editing including TALENs was named the 2011 method of the 
year by Nature Methods (Becker 2012). Protein engineering, however, is time 
consuming, cumbersome and costly. Therefore, while ZFNs and TALENs were 
successfully applied to modify different insect genomes (Bozas et al. 2009; Takasu et 
al. 2010; Liu et al. 2012; Aryan et al. 2013; Smidler et al. 2013; Takasu et al. 2013), 
a widespread use of these endonucleases was prevented by the need for a new 
engineered protein for each new genomic target site. 


2.3. The CRISPR-Cas System 


The discovery of Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPR) has tremendously advanced the field of genome editing. CRISPR 
sequences were first discovered in bacteria and archaea in the 1990s and were 
identified as a prokaryotic equivalent to the eukaryotic acquired immune system. 
Upon infection of a bacterial or archaeal cell with a pathogen, the cell incorporates a 
short sequence of the foreign DNA (e.g. virus or plasmid) into its genome. Such 
foreign DNA sequences are collected in clusters and separated by short repeat 
sequences. Small clusters of Cas (CRISPR associated) genes are located next to the 
repeat-spacer arrays (for comprehensive explanations and illustrations see Horvath 
and Barrangou 2010; Marraffini and Sontheimer 2010; Bhaya et al. 2011). Upon 
reinfection, the arrays are transcribed and processed by one family of Cas proteins 
into short CRISPR RNAs (crRNA), which are bound by another class of Cas proteins. 
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The crRNAs then guide these Cas proteins to the foreign DNA for degradation by 
endonucleolytic cleavage in a mechanism similar to RNA interference in higher 
eukaryotes (Marraffini and Sontheimer 2010). The target site specificity of the Cas 
endonuclease is determined by its bound crRNA. Therefore, Cas proteins can be 
programmed to target nearly any genomic site by adjusting the crRNA sequence. As 
the crRNA sequence adjustment is easy and cost-effective, CRISPR-Cas is an ideal 
and versatile tool for genome editing and has essentially abolished the use of ZFNs 
and TALENs. 

The Cas proteins are categorized into two classes. The class I systems use multiple 
Cas proteins for the degradation of foreign nucleic acids, whereas the class II systems 
consist of one single protein. Therefore, the class II systems are more suitable for 
research and application purposes. The most used nuclease for CRISPR genome 
editing is the multifunctional class II protein Cas9. In addition to the crRNA, Cas9 
requires a transactivating CRISPR RNA (tracrRNA) to function. To streamline its 
application in the laboratory, scientist fused the crRNA and tracrRNA into one single- 
guide RNA (sgRNA) (Jinek et al. 2012). CRISPR-Cas can be used to knock out 
existing genes making use of the cell's NHEJ repair pathway or to introduce new 
DNA sequences including whole genes and transgene constructs by adding a repair 
template containing the respective sequence information and homology regions to the 
Cas9 target site. The cell’s HDR pathway then uses the repair template to repair the 
Cas-induced double-strand break. 

Since its first application for genome editing in 2012/2013, more class II Cas 
proteins suitable for genome editing purposes have been identified (Zetsche et al. 
2015; Abudayyeh et al. 2016; Yang et al. 2016), and the system is continuously being 
adjusted and optimized for different applications and purposes. These efforts include 
modifications to decrease the off-target rate of the CRISPR-Cas system (Fu et al. 
2014; Kleinstiver et al. 2016; Nowak et al. 2016). 

Shortly after its first application for genome editing, CRISPR-Cas was used in 
Drosophila melanogaster Meigen (Ren et al. 2013; Yu et al. 2013; Bassett et al. 2014). 
Within just four years, it was subsequently applied to several other insect species 
including the lepidopterans Bombyx mori L. (Wang et al. 2013; Ma et al. 2014), 
Spodoptera litura (F.) (Bi et al. 2016), and Danaus plexippus (L.) (Markert et al. 
2016), the orthopteran Gryllus bimaculatus (De Geer) (Awata et al. 2015), and 
importantly also to several dipteran vector and pest species, namely Aedes aegypti 
(L.) (Kistler et al. 2015), Anopheles gambiae (Giles) (Hammond et al. 2016), Ceratitis 
capitata (Wiedemann) (Meccariello et al. 2017; Aumann et al. 2018) and Drosophila 
suzukii (Matsumura) (Li and Scott 2016; Kalajdzic and Schetelig 2017; Li and 
Handler 2017), as well as in the non-pest dipteran, Musca domestica L. (Heinze et al. 
2017). 

The CRISPR-Cas genome editing system also transformed gene drive research 
and development. Gene drives are genetic drive mechanisms that can be used to 
spread a genetic trait through a population by biasing its inheritance beyond the 
Mendelian inheritance rate of 5096. Gene drives were initially designed using 
naturally occurring selfish genetic elements like Medea (maternal-effect dominant 
embryonic arrest) (Chen et al. 2007; Buchman et al. 2018) or homing endonucleases 
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(HE) (Burt 2003; Windbichler et al. 2011). HE recognize and cut short DNA 
sequences. These sequences are only located on chromosomes different from the one 
on which the HE is located, and additionally on the homologous chromosome exactly 
at the location of the HE. In a heterozygous individual, after introduction of a double- 
strand brake by the HE on the homologous chromosome, the cell's repair mechanism 
uses the chromosome containing the HE to repair the brake, thereby copying the HE 
gene onto the homologous chromosome and converting the heterozygote into a 
homozygote. This process is called homing. 

The CRISPR-Cas system can be programmed to act like an HE by targeting its 
genomic integration site on the homologous chromosome using a respective homing 
guide RNA. Identical to the HE, the induced cut is repaired using the allele containing 
the CRISPR construct as a template, thereby copying it onto the homologous 
chromosome. Thus, in contrast to genome editing via CRISPR, where only the 
CRISPR-induced molecular changes, but not the CRISPR components themselves are 
passed on to the next generation, in CRISPR gene drives also the genes coding for the 
CRISPR components are incorporated into the genome and passed on to the offspring. 
With the inherent programmable target site specificity of the CRISPR-Cas system, 
nearly any genomic position can be selected for the placement of the CRISPR homing 
construct. If homing occurs in the germline, then theoretically all the offspring will 
carry the CRISPR construct instead of only 50% like in normal Mendelian 
inheritance. 

The potential use of these genome editing technologies, especially of CRISPR- 
Cas gene drives for insect pest control, is discussed below. 


3. CURRENT STRATEGIES AND APPLICATIONS INVOLVING GENOME 
EDITING FOR INSECT PEST CONTROL 


A promising and proven, sustainable and species-specific method to manage insect 
pest populations is the Sterile Insect Technique (SIT) (Dyck et al. 2021). It is based 
on the mass-production and release of sterilized males of the target species in the 
affected area. The sterile males mate with wild females in the field, which will not 
result in viable offspring, thereby reducing the wild population size of the pest in the 
next generation. By repeated releases, the population can be decreased to a 
manageable level. The SIT is most successfully applied in area-wide programmes 
against several pest species of agricultural importance, including the Mediterranean 
fruit fly, the Mexican fruit fly, Anastrepha ludens Loew, or the New World 
screwworm, Cochliomyia hominivorax (Coquerel). 

The effectiveness of such programmes can in some cases be increased with the 
establishment of so-called sexing systems to eliminate females to allow male-only 
releases. Male-only releases are desirable for some agricultural pests and are a 
prerequisite for vector insects such as mosquitoes. In both cases, early elimination of 
females enables more cost-effective mass-rearing and release. 
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Most importantly, the efficiency of male-only releases is superior due to the lack 
of undesired mating between sterilized males and sterilized females (Franz et al. 
2021). 

In mosquito control programmes, the release of only male insects is essential as it 
precludes the risk of increasing the number of disease-transmitting individuals by 
releasing females. Therefore, mass-reared males and females must be separated at 
large-scale or females be eliminated at some point during the production process. This 
sexing of the insects (needed up to one billion male insects per week) is a significant 
bottleneck for the application of the SIT to new insect species. There is, for example, 
no effective sexing system to date for any of the vector mosquitoes. 

For recent field trials with transgenic Ae. aegypti mosquitoes carrying a 
conditional lethal RIDL system (Release of Insects carrying a Dominant Lethal) that 
kills the offspring in the late larval stage (Thomas et al. 2000; Phuc et al. 2007), male 
and female pupae were separated mechanically by hand, resulting in the production 
of 0.5-1.5 million males per week and a female contamination of the released insects 
of less than 1% (Carvalho et al. 2015). This labour-intensive and time-consuming 
method, however, does not allow large-scale programmes beyond the field trial scale. 
Therefore, coordinated international research efforts are ongoing to establish sexing 
systems in different Anopheles and Aedes species (Gilles et al. 2014; Bourtzis and Tu 
2018). Genome editing, combined with available classical genetics or transgenic 
technologies, can help to solve these and other issues related to insect pest control. 


3.1. Unravelling Sex Determination Pathways in Insects 


Genome editing is being used in basic research of insect pests, for example, to uncover 
gene functions and thereby better understand the target insect's biology and 
physiology. One major point of interest concerning sexing is the elucidation of the 
sex determination pathways in pest species to identify the responsible gene(s) for 
male/female development. CRISPR technology was used to knock out the candidate 
gene for the male-determining factor Nix in Ae. aegypti (Hall et al. 2015). Knockout 
of Nix resulted in feminized males, whereas ectopic expression resulted in 
masculinized females, identifying Nix as necessary and sufficient for determining 
maleness in the yellow fever mosquito. 

Similarly, the Cas9-mediated knockout of the candidate M-factor gene Mdmd in 
M. domestica confirmed the key role of this gene for male gonadal and germline 
development in the house fly (Sharma et al. 2017). Once the sex determination 
pathways are understood for pest species of interest, the knockout or overexpression 
of the sex determination genes via CRISPR-Cas could be used to create female 
lethality, or for the conversion of females into phenotypic males to create strains for 
large-scale sexing (Meccariello et al. 2019). 
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3.2. Site-directed Mutagenesis in Pest Insects to Enable Population Control 


For several economically important insect species, transgenic insect strains have been 
established to demonstrate the ability to generate male-only populations for control 
programmes. The first strains consisted of transgenic conditional female-lethal 
systems in agricultural and livestock pests like C. capitata (Fu et al. 2007; Ogaugwu 
et al. 2013), Anastrepha suspensa Loew (Schetelig and Handler 2012b), A. ludens 
(Schetelig et al. 2016), and L. cuprina (Yan et al. 2017). In these systems, under 
permissive conditions, a lethal gene is explicitly expressed in females to kill them at 
an early embryonic stage via apoptosis (Schetelig and Handler 2012b; Ogaugwu et al. 
2013; Schetelig et al. 2016; Yan et al. 2017), or later in development by the ubiquitous 
accumulation of tTA (Fu et al. 2007), resulting in a 100% male cohort for release. 
Similar systems have been created expressing the lethal cassette in both sexes to 
produce genetic sterility (Gong et al. 2005; Schetelig et al. 2009; Schetelig and 
Handler 2012a). A release of these insects would result in biologically fertile matings, 
but the offspring would die between the early embryonic (Schetelig et al. 2009; 
Schetelig and Handler 20122) and the late larval stage (Gong et al. 2005). All the 
transgenic systems described here, and many others, have commonly been introduced 
into the insect genomes via transposable elements, which integrate into the genome 
randomly. Integration at an unfavourable genomic site, however, can have adverse 
effects on insect fitness due to insertional mutagenesis, as well as on transgene 
expression levels due to nearby regulatory genomic elements. Genome editing 
technologies now allow inserting the transgene construct at specific, characterized 
genomic positions, thus avoiding harmful side effects of random integrations and 
improving the quality of transgenic strains for pest control. 

Genome editing technologies furthermore offer the possibility of recreating a 
genetic trait from one species in another, which is not possible with any other 
technology with similar efficiency and ease. Mediterranean fruit fly SIT programmes, 
for example, rely on a conditional, temperature sensitive lethal (¢s/) mutation, obtained 
by classical mutagenesis and breeding, to eliminate female embryos during mass- 
rearing via heat shock, resulting in the release of only sterile males (Franz et al. 2021). 
It has been tried to generate such ¢s/ strains in other insect pests via classical 
mutagenesis (Ndo et al. 2018), or to link other selectable makers to one sex via 
radiation-induced translocations. Most successful have been pupal colour markers in 
the Mediterranean fruit fly and the Mexican fruit fly, as well as dieldrin resistance in 
An. gambiae (Curtis et al. 1976), An. arabiensis (Curtis 1978) and Anopheles 
albimanus Wiedemann (Seawright et al. 1978). In An. arabiensis, classical 
mutagenesis was used again years later to induce insecticide resistance in males as a 
tool for female elimination (Yamada et al. 2012). All these sexing tools have been 
developed either by classical mutagenesis or selection of a naturally occurring 
phenotype and linking it to one sex. The underlying mutations and mechanism of the 
corresponding phenotype in most cases are unknown, although it would be extremely 
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valuable to know. Once such a mutation created by classical mutagenesis (e.g. the 
conditional ts/ in the Mediterranean fruit fly) is identified, CRISPR-Cas genome 
editing could be used to precisely edit the genome of another pest species to create an 
identical mutation in the respective gene. The mutation created in this way would not 
be different from the mutations induced by the approved classical mutagenesis 
techniques, not involving any transgene or foreign DNA (but usually rather small 
deletions or single nucleotide changes). 

Li and Handler (2017) recently used CRISPR-Cas to create point mutations into 
the transformer sex determination gene in the fruit pest D. suzukii, thereby recreating 
the temperature-sensitive D. melanogaster transformer-2 mutations (tra-2" and tra- 
25?) in a proof-of-principle experiment. The CRISPR-Cas system was also used to 
create an X-shredder in An. gambiae mosquitoes to achieve female elimination. The 
Cas9 is expressed gonadally to target X-chromosomal ribosomal RNA sequences, 
thereby destroying the X chromosome in X gametes, resulting in predominantly Y 
gametes and therefore predominantly male offspring (Galizi et al. 2016). The Cas9- 
based X-shredder is based on the original idea from Galizi et al. (2014) using the 
endonuclease I-Ppol to cut X-chromosomal ribosomal RNA sequences. 

Besides the important topic of sexing, genome editing could be used to improve 
any other aspect of insect pest control programmes, for example, to enhance insect 
fitness to overcome deficits induced in the insects by the mass-rearing process such 
as low competitiveness and short life span. Alternatively, males could be modified to 
improve mate-seeking success, all of which could improve the efficacy of SIT control 
programmes. 


3.3. Gene Drive Systems for Population Suppression or Replacement 


Finally, genome editing technologies like CRISPR also open a new path to insect pest 
control via gene drives. Gene drives could be used for pest control in two ways, via 
insect population suppression or population replacement. Like other approaches based 
on the release of sterile insects, population suppression via gene drives results in 
population size reduction in the next generation. However, population suppression 
drives do not use reproductive or genetic sterility in the classical sense, as this would 
prevent the spread of the trait into the population, as all the offspring carrying the trait 
would die before reproduction. Therefore, the genetic trait conferring population size 
reduction 1s linked to a gene drive component. Upon a one-time release of a seed 
population, the gene drive component drives the trait into the population with each 
successive generation, abolishing the need of repeated mass-releases. A population 
suppression gene drive could, for example, be a genetic modification killing females 
and resulting in only male offspring. These males will carry the “sterility” construct 
and pass it on to their sons upon mating with wild type females, thereby decreasing 
the population size further with each generation as no females are produced, until the 
population collapses, at which point the gene drive construct would disappear. 
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Another approach could be a modification that reduces female fertility. Such a 
system has been developed in the vector mosquito An. gambiae by targeting different 
putative female fertility genes. The gene drive components were designed to home in 
the germline of both sexes to ensure that all female offspring is affected (Hammond 
et al. 2016). In a different project, female sterility was achieved by targeting a female- 
specific exon of the sex determination gene doublesex in An. gambiae. Disruption of 
this exon by Cas9 did not affect male development but resulted in females with an 
intersex phenotype that were completely sterile (Kyrou et al. 2018). Most gene drive 
research has been performed in Anopheles mosquitoes so far, where it might be 
applied first in a control programme. There is only one report in an agricultural pest, 
D. suzukii, showing the functionality of a synthetic Medea gene drive system that 
could be used to spread a cargo gene into the population, for example for population 
suppression purposes (Buchman et al. 2018). 

Population replacement gene drives mostly make sense for vector insects. The idea 
is to replace the wild type population by insects that are refractory to the infection 
with the pathogen, thereby interrupting the disease transmission cycle. In the first 
CRISPR-based gene drive in mosquitoes, Gantz et al. (2015) developed a drive system 
in which the Cas9 homing construct is expressed in the male and female germline of 
An. stephensi. The construct further contains previously identified dual anti-pathogen 
effector genes conferring resistance to Plasmodium infection, which are expressed 
somatically (Isaacs et al. 2011, 2012). 

Gene drive technology holds great promise to solve problems caused by harmful 
insects, and the initial enthusiasm expressed in view of the options for gene drive 
design that opened up with the discovery of CRISPR was huge. It triggered statements 
that there would be the first mosquito gene drives out in field trials within less than 
two years. This enthusiasm was dampened, however, when the technology hit a 
sudden roadblock, making it very clear that we have to understand much more about 
drive mechanisms and their potential pitfalls before releases could be considered. 

Two predominant issues arose in laboratory experiments: first, loss of function 
due to the evolution of resistant alleles (Hammond et al. 2017; Marshall et al. 2017; 
Unckless et al. 2017; KaramiNejadRanjbar et al. 2018), which is mostly a problem 
for homing-based CRISPR-Cas gene drives (i.e. mutations evolving at the homing 
gRNA target site), and second, failure of the drive due to population genetic diversity 
(Drury et al. 2017; Buchman et al. 2018) (i.e. sequence variation at the gene drive 
target site throughout a population; this affects CRISPR-based as well as other gene 
drives). Evolution of resistance alleles increases with the selective pressure put onto 
the gene drive-carrying insect by the drive itself or a linked genetic construct and is 
inverse proportional to the conservation level of the target sequence (see Section 
7.3.1. for approaches being followed to overcome the technological pitfalls 
identified). The CRISPR-Cas technology with its versatility will be instrumental to 
overcome the identified evolutionary pitfalls, and in developing new drive systems to 
study and improve this technology for safe applications in the future. 
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4. REGULATORY CONSIDERATIONS OF GENOME EDITING 


Genome editing technologies did not play a significant role in the development of 
genetically modified organisms (GMO) for agriculture, the food industry or other 
applications before the discovery of CRISPR and its potential for large-scale and high 
throughput, affordable genome editing. Therefore, questions of how organisms 
resulting from genome editing should be regulated were not relevant. This changed 
with the introduction of CRISPR, triggering large-scale research not only in crop 
optimization but also in modifying farm animals to be leaner, to develop faster, have 
longer wool, or a differently coloured coat. It raised the urgent question of how such 
products should be evaluated and regulated for bringing them to the market, and how 
currently existing regulations apply to genome editing. Should genome-edited 
products be classified and treated as GMO or not? 

In the European Union (EU), the deliberate release of GMO is regulated by the 
2001 EU directive (2001/18/EC). The directive specifies the procedures required in 
the EU for the evaluation and authorization of GMO releases. While the directive 
covers all kinds of GMOs, it so far has been applied only for the regulation of 
genetically modified (GM) crops. This selective implementation has been described 
as the ‘plant paradigm’. The 2001 directive states that an organism is characterized as 
GMO if its genetic material has been altered in a way that could not have occurred 
naturally by mating or recombination. Therefore, also organisms developed by non- 
transgenic methods can be classified as GMO. At the same time, however, 
conventional mutagenesis techniques like radiation or chemical mutagenesis, that 
were considered safe in 2001, are exempt from the GMO directive as long as they do 
not involve recombinant DNA (the mutagenesis exemption). Genomic modifications 
created by genome editing technologies can be changes on the level of whole genes 
(including the insertion of transgenic constructs) but can also be the introduction of 
small mutations (insertions or deletions of a few base pairs) all the way down to single 
nucleotide changes, as they could also occur by classical mutagenesis and breeding 
techniques. Therefore, from a rational and scientific point of view, such small 
mutations induced by genome editing technologies should be treated similarly to 
mutations induced by classical mutagenesis. 

To clarify if and to which extent the rules of the 2001 directive would apply to the 
new genome editing technologies, the French Council of State sent an inquiry to the 
European Court of Justice (ECOJ) to interpret the directive for the new technologies. 
The ECOJ's answer was provided in the form of a complex ‘Advocate General's 
opinion in Case C-528/16’ statement, released in January 2018. It principally stated 
that changes induced by genome editing that could also have occurred by conventional 
mutagenesis should be regulated in the same way. However, scientifically 
unexpected, the court ruled in July 2018 against the Advocate General's advice and 
stated that all products resulting from genome editing are subject to the directive and 
are to be treated as GMOs. 
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This decision raises different questions and uncertainty for the application of the 
new technologies. Interestingly, however, from a scientific point of view, it also puts 
the regulations for the established and safe methods in question. In an open letter to 
the Federal Ministry of Education and Research in Germany, the German Life 
Sciences Association stated that the inquiry was answered by the judges according to 
the legal conditions, but was not based on scientific facts available from EU 
authorities (the Scientific Advice Mechanism (SAM) and the European Food Safety 
Authority (EFSA)) as well as from a large number of scientists worldwide. 

This EU decision follows years of complicated communication attempts in the 
area of regulation of GM organisms and products, which is still not consistent between 
countries. Regulation of GMO in the EU considers and evaluates the process, not the 
product. Therefore, two products with identical traits developed by different 
technologies are regulated differently. The recent court ruling on genome-edited 
organisms is a perfect representative of this evaluation approach. Genome editing as 
a process would be regulated, not the resulting product, meaning that all genome- 
edited products would be regulated without exception, even if the same trait could 
have been obtained by approved technologies without regulatory requirements. 
Moreover, in the EU, only the potential risks of the GMO are considered, while the 
prospective benefits are not considered. 

The USA essentially takes the opposite approach. There, only the product is 
evaluated, independent of the method used to create it (Global Legal Research Center 
2014). Consequently, the USA does not regulate any products that could as well be 
the result of traditional mutagenesis or breeding techniques, summarized by the 
United States Department of Agriculture (USDA) in the following statement on 
agricultural products on its website: 


*Under its biotechnology regulations, USDA does not currently 
regulate or have any plans to regulate plants that could otherwise 
have been developed through traditional breeding techniques as long 
as they are developed without the use of a plant pest as the donor or 
vector and they are not themselves plant pests" (USDA 2018). 


Thus, small deletions or single nucleotide substitutions are not regulated in the 
USA. Even the introduction of larger nucleotide sequences that could have also 
occurred by cross-breeding is not regulated. In a March 2018 press release, the USDA 
specifically stated that this includes changes made by genome editing technologies. 
This approach to product evaluation resulted in the recent clearing for 
commercialization of a mushroom edited by CRISPR-Cas (Waltz 2016). The 
clearance was given without the regulation for GMOs, as only a few base pairs in the 
polyphenol oxidase gene were removed to enhance the shelf-life. Another significant 
difference in the USA approach for risk assessment compared to the EU is that also 
potential benefits of the commercial GMO are considered. 
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The existence of globally diverse approaches to the evaluation and regulation of 
GMO not only causes problems in international trade, as products will be classified 
differently in different countries, but also pose an enormous challenge for the release 
of modified insects. With their big range of motion and dispersal, insects will not stop 
at borders. Therefore, especially for insects carrying a drive mechanism with the 
potential to spread through whole populations, a common international ground for 
evaluation and regulation has to be found. 


5. THEIMPORTANCE OF INFORMED DECISION-MAKING ON GENOME 
EDITING TECHNOLOGIES 


The long ongoing GM crop debate in the EU essentially led to a moratorium in the 
EU on GM crops from 1998 to 2010, which in 2003 triggered a case filing by the USA 
and other countries with the World Trade Organization (WTO) against the EU. The 
ban on GM crops combined with unfavourable and sometimes biased news coverage 
created fear and insecurity in the EU, resulting in strong opposition against GM 
technologies by the public. This stalled the corresponding research and caused the 
industry in the EU to step by step pull out of GM crop research and production, e.g. 
Bayer Crop Science and BASF closing their GM crop research in Germany between 
2004 and 2011. 

With the most recent ruling by the ECOJ that also classifies all genome-edited 
products as GMO, the required checks and controls needed to develop such products 
for the market would be too expensive for research institutes and small companies. 
Moreover, the classification of all genome-edited organisms as GMO will probably 
lead again to strong opposition and general rejection by the public, adding another 
hurdle for the marketing of genome-edited products. Therefore, in our opinion, 
decisions like the one by the ECOJ equal a moratorium on genome-edited products in 
the EU with far-reaching consequences. Again, it will incapacitate a whole 
biotechnology industry sector that will flourish in countries with less restrictive 
regulation. It will prevent innovation and the development of new technologies in the 
EU and will cause biotechnology companies to withdraw their respective departments 
from the EU market, which in turn will prevent the creation of or destroy jobs. Also, 
in the international biotechnology sector, there is concern that the EU will continue to 
lag behind countries such as the USA, where the regulations are more favourable for 
GMOs and the GM crop market. The ECOJ decision on genome-edited organisms 
will also influence trade markets, as occurred already during the EU GM moratorium, 
which experienced in the early 2000s negative impacts on the agricultural export 
revenue of countries such as the USA, Canada, and Argentina (Disdier and Fontagne 
2010). 
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Regarding pest control programmes intending the area-wide use of genome-edited 
insects, this could be most problematic for agricultural pests that feed inside 
fruits/crops like the Mediterranean fruit fly. Marketing of such crops in the EU might 
be restricted by the control measures for GMO contamination in food, for which the 
EU tolerance levels are as low as 0.9%. For a polyphagous insect like the 
Mediterranean fruit fly, which feeds on many different fruits, multiple agricultural 
products in the treatment area might be affected by the EU import restrictions (Max- 
Planck-Gesellschaft 2017). Use of genome-edited insects for pest control will 
therefore require the establishment of a definition of insect contamination in food and 
a decision on tolerance levels. This general framework will be critical for exporting 
countries to decide if the trade-off between the possible import restrictions and 
concomitant loss of markets on one side, and the reduced crop production costs as 
well as more abundant harvests on the other side, are worth the use of genome-edited 
insects for pest control. 

Besides the import restrictions, however, genome-edited insects might not be 
regulated by the 2001 EU directive on the release of GMO if the insects are 100% 
sterile. Sterile insects do not fit the definition of an organism and therefore aren't a 
GMO either. Thus, 100% sterilized mosquitoes released as part of a SIT programme 
seem not to be regulated in the EU (HCB 2017). The release of radiation-sterilized 
Ae. albopictus mosquitoes is carried out in Italy and Germany as part of SIT mosquito 
suppression trials. To our knowledge, in Germany, these releases did not require prior 
authorization and risk assessment. Thus, one could speculate that scientists might be 
allowed to use genome editing, for example, to develop sexing strains for a pest 
species, allowing to remove female insects during rearing and to release the 
corresponding males after (100%) sterilisation by irradiation. 


6. ETHICAL ASPECTS OF GENOME EDITING AND GMO RELEASES 


The CRSIPR/Cas system allows genome editing with an ease and effectiveness that 
appeared to be some way in the future just a few years ago. Now that "everything" 
seems feasible, the always present question of what is socially, environmentally and 
also ethically responsible to do is coming into the focus of discussions. As we are no 
experts on social sciences and bioethics, we want to just briefly touch on some 
questions that have been raised in different panels and newsgroups. 

A major topic evolves around the moral aspect of genome editing. This involves 
the fundamental questions 1f we are allowed to edit an organism's genome at all, and 
in case of area-wide pest management programmes, if we have the right to eliminate 
invasive or native populations or even a species as a whole. Both questions have been 
raised before but became more prominent with the discovery of the possibilities that 
opened up by CRISPR-Cas. While these questions are important to discuss, it is also 
important to consider the impact that currently applied strategies and technologies 
have. 
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The classical mutagenesis and breeding techniques, for example, that have been 
broadly applied for decades and are widely accepted and mostly haven't been 
questioned, can randomly change the genome of an organism at multiple positions, 
and the induced changes on the molecular level are commonly not known. What can 
be achieved with CRISPR genome editing, depending on the modification, would not 
be different from what has been done for decades, but can be done now in a less 
random process. 

Similarly, the use of insecticides has the potential to eliminate a pest population 
in the targeted area, with the side-effect of not only eliminating the target species but 
also affecting many other beneficial insects, besides the environmental impact. With 
the recent alarming news on the decline of overall insect numbers and biodiversity 
(Hallmann et al. 2017), the extensive use of insecticides has come once more into the 
focus of widespread criticism and public concern. 

Another important point for ethical discussion deals with questions concerning 
constitutional rights, individual expectations, democratic decisions, and also 
questions about how we can balance the potential elimination of a species against the 
decreased burden for the human population (e.g. the decrease of infectious diseases, 
or reduced insecticide use and crop losses due to agricultural pests). The application 
of GM insects for pest control directly affects the people in the target area by releasing 
the insects into their air space. Constitutionally everyone has the personal right to 
decide on things affecting one's own life. Moreover, different groups involved in and 
affected by the release of genome-edited insects (scientists, companies, authorities, 
producers, the public) will be guided by a variety of (contradicting) motivations 
concerning the release. Different perceptions of what is a desirable future and fear of 
new technological developments due to lack of understanding further complicate the 
situation. 

Thus, it will be essential to identify and involve all the different stakeholders at an 
early stage of a project. An open and honest discussion of the limits of a technology 
and of the scientific knowledge, as well as public education will be crucial to build 
trust in science, in involved organizations, and in the decision-making process. Open 
discussion forums, where representatives of different stakeholders meet, could help 
to promote dialogue and the mutual understanding of goals, motivations, expectations 
and concerns. 

Finally, the involvement of the public should not be limited to information and 
education campaigns. It should also include the collection of concerns of the educated 
public for discussion and consideration in the decision-making process. 
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7. POTENTIAL RISKS, CHANCES, AND CHALLENGES OF GENOME 
EDITING IN INSECT PEST CONTROL 


7.1. Are Genome Editing Technologies for Insect Pest Control a Curse? 


In general, genome editing could be used to create insect strains for population 
suppression or replacement approaches. Strains for population suppression could 
contain a trait that for example allows sexing (female elimination during rearing), and 
the strain would then be used in a SIT approach (i.e. radiation sterilisation and 
subsequent repeated mass-releases of the sterile males). On the other hand, they could 
contain a gene drive construct in combination with a trait allowing population 
reduction, for example by targeting female fertility genes. Such strains would then be 
used in a one-time limited release and the trait for population reduction would be 
driven through the population until a critical population density threshold is reached 
where effective reproduction is impaired. At this point the population would collapse 
in the targeted region and the genetic trait would disappear from the environment. 

The situation would be different for the release of population replacement gene 
drives, as these genetic elements are designed to remain in the environment. Such 
genome-edited insects typically would have the gene drive component in their 
genome combined with a genetic modification that for example makes a mosquito 
population refractory to pathogen infection. The goal of such a construct would be to 
drive the immunity against the pathogen through the mosquito population until all or 
the majority of the insects are immune, which would interrupt the pathogen 
transmission cycle between the human host and the mosquito. 


7.1.1. Use of Genome Edited Insects for Population Suppression in SIT-like 
Approaches 

From a scientific point of view, the risk of using genome-edited insects for population 

suppression in SIT-like approaches is comparable to strains developed by classical 

mutagenesis approaches. The genome-edited trait disappears from the environment 

with the death of each released generation, as these insects cannot reproduce. 

For both genome modifying technologies, genome editing and classical 
mutagenesis, a random mutation could arise in the generated strains that inactivates 
the trait. In the example of a genomic modification that kills specifically females for 
sexing purposes, a revertant mutation could occur at the modification site that allows 
females to survive again. Studies in D. melanogaster showed that such revertant 
mutations could occur at a frequency of 107 or less (Chovnick et al. 1971; Handler 
2016). Therefore, at a mass-rearing scale of up to 1-3 x 10? insects per week, a few 
revertant insects are expected. Depending on the numbers, this could result in an 
efficiency concern, the release of females, or the contamination ofthe wild population 
with a marker. Nevertheless, all of those insects can be sterilized before release and 
would therefore not interfere with the overall success of the programme. 
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Critics might articulate concerns about off-target effects caused by genome editing 
technologies (for a review on CRISPR off-target effects see Zhang et al. 2015), 
resulting in additional mutations at other positions in the genome than the intended 
one. However, classical mutagenesis using chemicals or radiation also causes multiple 
unknown mutations and chromosome breaks in the genome in addition to the one 
causing the selected trait. In the case of classical mutagenesis this fact is accepted and 
not considered as a risk or potential problem, and the respective organisms can be 
deployed without regulations. 


7.1.2. Self-perpetuating Gene Drive Systems Used for Population Suppression 

In the case of a self-perpetuating gene drive systems used for population suppression, 
the success of a programme depends, besides the stability of the population reduction 
trait, on the stability of the gene drive. Resistance development against the drive 
would abolish the spread of the population reduction trait in the population, going 
back to normal Mendelian inheritance. This would not have any harmful 
consequences except that the suppression approach will not work anymore, and the 
modified insects will decline until completely gone, unless the mutation not only 
inactivates the drive but also lends a selective advantage over unmodified insects. 
However, even then, the non-functional insect is very unlikely to pose a threat to the 
environment or human health. For further population reduction, a new drive system 
would have to be developed. 


7.1.3. Gene Drive Systems Used for Population Replacement 

In the case of population replacement drives, potential resistance development on 
several levels could impair the success of the approach. First, the mosquito could 
develop a resistance against the drive, stopping the spread of the immunity trait and 
resulting in its eventual loss. Second, the pathogen could develop resistance against 
the immunity trait. In this case, the trait would further spread through the population 
due to the gene drive component, but it would not have the immunizing effect 
anymore. 

The selection of resistant alleles, in general, is to be expected in each approach 
that puts a selective or survival pressure on a population of an organism. Such pressure 
would be applied to the target insect in case of population suppression approaches, 
and on the pathogen in replacement approaches spreading immunity through a 
mosquito population. This resistance development mechanism, however, is in no way 
connected to the use of genome editing technologies. It is already happening globally 
with the observed pathogen resistance developing against antivirals, antibiotics, or 
anti-malarial drugs, with the increasing resistance of insects against insecticides, or 
with behavioural resilience, for example the change in biting behaviour of mosquitoes 
from night to day to avoid bed nets (Liu 2015; Thomsen et al. 2017). It will always 
be an arms race, and we have to be aware that every human activity applying survival 
pressure on an organism will select for an evading reaction. 
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7.1.4. Risk of Overestimating the Understanding of Gene Functions 

Genome editing experiments in different mammals have shown that there is a risk of 
overestimating our understanding of gene functions. It is often limited to one or two 
single functions, when instead genes often are part of large regulatory networks or 
have different functions throughout development. Modification of their expression 
can lead to unforeseen and unwanted consequences besides the desired effect. A 
variety of genome editing studies have been performed to knock out the Myostatin 
(MSTN) gene in different mammals. MSTN controls muscle growth, and existing 
knockout mutants show higher muscle mass and leaner meat. However, while 
resulting in the desired higher muscle mass, the MSTN knockout also caused 
unwanted side effects like additional thoracic vertebra in piglets (Qian et al. 2015), or 
rabbits with enlarged tongues and severe health problems like high rates of stillbirth 
and early stage death (Guo et al. 2016). 

These results show that despite an increasing number of sequenced genomes, we 
still don't know much about gene functions. Therefore, careful studies will be needed 
for genome editing approaches aiming at population replacement, which will involve 
editing of specific genes to produce a certain phenotype — envisioned beneficial — that 
should stably persist in the target population without side-effects. This is of less 
concern when genome editing is used for population suppression applications, for 
example in scenarios where: 

e A conditional female-killing mutation like the Mediterranean fruit fly ts! is 
recreated in another species to establish a sexing system 

e A sex determination gene is knocked out to produce single-sex offspring for 
population reduction purposes, or 

e A transgene construct is introduced into a specific genomic position previously 
characterized not to be disadvantageous to the insect. 

In these scenarios, the quality of sterilized males in terms of mating performance, 

reproduction, and life span is the main characteristic to evaluate the usability of any 

strain. 


7.1.5. Other General Risks 

There are other general risks associated with area-wide pest or vector management 
approaches. These are, again, not specific to the use of genome edited insects, but 
apply to any control approach. In case of vector-borne diseases, the local eradication 
of a disease maintained over several generations can pose a risk to the human 
population in case of the reintroduction of the disease. Since the pathogen would not 
have challenged the human immune system for several generations, a reintroduction 
of the disease into that population could result in severe outcomes of the infection. 
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For population suppression approaches targeting endogenous species, the 
consequences of local eradication for the ecosystem are mostly unknown, as the 
species’ role in the ecosystem is often not well studied. Therefore, possible 
consequences on the food chain, on competing species, and the possible long-term 
consequences for the human population, can only be guessed. 

One concern in mosquito elimination approaches, for example, is that the niche 
opened by the (local) elimination of the target species could be filled quickly by 
another vector species that might transmit the same or even other diseases. 


7.2. Are Genome Editing Technologies for Insect Pest Control a Blessing? 


Currently the most used strategy to fight agricultural pests and vector insects is the 
application of insecticides. While they can be very effective in achieving rapid 
suppression in local applications, insecticides have many disadvantages. A major 
concern is their lack of species-specificity and the concomitant negative impact on 
many non-target insect species, or potentially even representing a risk to the 
environment. Furthermore, increasing resistance to insecticides 1s being observed in 
a rapidly growing number of pest insects worldwide, requiring an increase in 
application doses or the combination of different insecticides to still have an effect. 
This, however, is a dead end as it will lead to even stronger impacts on the 
environment and ultimately to complete resistance and loss of function of existing 
substances. Excessive use of insecticides in combination with other factors has 
already caused a dramatic decrease in the overall insect mass in Europe (Hallmann et 
al. 2017) and has led to the drastic decline of beneficial insects like pollinators as 
described in newspaper articles for some areas of China. An additional limitation of 
insecticides is that they cannot be applied on an area-wide basis due to public 
opposition. As a result, remote pest breeding sites are not accessible for treatment, 
thereby representing a constant, untouchable reservoir for the resurgence of the pest 
population after or despite of insecticide treatment. 

Area-wide control programmes based on the release of modified insects are a 
promising strategy for the sustainable and species-specific pest control without the 
adverse side effects of insecticides. ‘Modified’ in this context can mean anything from 
sterilized by radiation for pest control using the SIT approach, all the way up to 
genetically modified insects being, for example, refractory to pathogen infection and 
carrying a gene drive construct for population replacement. Any method based on the 
release of modified insects has the substantial advantage of being highly specific to 
the target species and therefore not negatively impacting other non-target organisms, 
even those closely related. They also do not have toxic or other adverse side effects 
for the environment. Methods based on the release of modified insects are therefore 
environmentally safe and sustainable. Moreover, they allow an area-wide treatment 
against the whole population ofthe insect pest, and the mobility ofthe released insects 
also allows reaching remote habitats or protected areas that are inaccessible or not 
open for other approaches like the spraying of insecticides. 
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Approaches based on the release of modified insects also allow reaching the next 
generation of pest insects, like the drought-resistant eggs of Aedes mosquitoes, that 
are not affected by insecticide spraying and thus lead to a resurgence of the population 
in the next rainy season. The presence of modified insects throughout the egg hatching 
period, in contrast, would intercept the newly emerging generation and thus prevent a 
resurgence of the wild population. 

Currently, the application of the SIT against new pest species is limited by a few 
bottlenecks that can be overcome. Besides a suitable mass-rearing system, an efficient 
sexing system that can be applied at large-scale is essential. With genome editing 
technologies one can envision the generation of such systems. For example, once 
suitable mutations obtained by classical mutagenesis in one target species are 
uncovered, genome editing could be used to reproduce these mutations in homologous 
genes in other insect pests. 

One prominent example would be the above-mentioned fs! mutation in the 
Mediterranean fruit fly that specifically kills female embryos upon heat shock, 
allowing 100% sexing of this pest species at a large scale, which has been the key for 
Mediterranean fruit fly SIT programmes since more than 25 years and could allow 
building sexing systems in other pest insects (Robinson 2002; Franz et al. 2021). This 
mutation is an excellent example of a classically generated mutation that, once 
identified, can pave the way for similar technologies to be built in other pest insects. 

Genome editing technologies are moreover the key to any approach intending to 
spread, via the use of a gene drive, sterility or pathogen refractoriness in a population 
without continuous mass-releases of the modified insects. Such strategies can only be 
pursued with the use of genome editing. The use of a gene drive to spread a lethality 
or sterility trait into a population for suppression approaches would have the 
advantage that optimally a one-time release of a seed population would be sufficient 
to suppress a population compared to continuous mass-releases required for the SIT 
approach. 

Genome editing technologies will therefore be able to support and advance 
environment-friendly and sustainable pest control methods on various levels, and will 
thus help protect beneficial insect species, the biological diversity, and healthy 
ecosystems. 


7.3. Challenges and Possible Solutions for Genome Editing Strategies 


Genome editing technologies face multiple challenges that have to be understood and 
evaluated before they will gain the status of being acceptable and safe for use in insect 
pest control. 
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7.3.1. Technological Challenges 

One of the challenges is the development and selection of resistant alleles observed 
with different (mostly CRISPR homing) gene drive approaches (Hammond et al. 
2017; Reed 2017; Unckless et al. 2017; KaramiNejadRanjbar et al. 2018). While the 
drives in general work with a satisfying efficiency in laboratory experiments, the 
evolution of resistance alleles that are not recognized anymore by the gRNA of the 
CRISPR-Cas system was generally observed with CRISPR homing drives within just 
a few generations (Champer et al. 2018), resulting in the inactivation of the drive. 
Much effort is therefore being invested into the development of new drive strategies 
and improvement of the existing systems. Approaches include the use of multiple 
gRNAs, the expression of the drive exclusively in the male germline, or the targeting 
of highly conserved genes (Kyrou et al. 2018). 

The rationale of the first approach is that a mutation in one of the gRNA target 
sites will not be able to inactivate the drive as the other target sites are still functional. 
A simultaneous mutation of multiple target sites is much less likely (even though it is 
not impossible), thereby preventing or at least strongly postponing drive inactivation 
(Prowse et al. 2017). Activating the drive only in the male germline should limit 
resistance-allele formation post-fertilization, as the sperm should transmit only low 
amounts of the Cas endonuclease into the embryo, thereby preventing mutagenic 
events in the embryo. Targeting highly conserved genes like the sex determination 
gene doublesex for homing has been effective in building a functional gene drive 
system in the laboratory (Kyrou et al. 2018). It can prevent resistance allele formation 
as mutations in highly conserved sequences would likely be deleterious to the 
organism, and the resistance alleles would not persist (Esvelt et al. 2014; Champer et 
al. 2016; Noble et al. 2017; Champer et al. 2018; Nash et al. 2018). 

Other proposed systems reduce resistance potential in so-called daisy-chain drives 
and toxin-antidote systems (Champer et al. 2016; Noble et al. 2019). Current studies 
and simulations seem to indicate, however, that resistance evolution will remain an 
issue that can’t be completely suppressed, just slowed down, and might require the 
combination of different strategies to design successful drives (Callaway 2017; 
Champer et al. 2018). A drive will be successful if it can spread through the whole 
population before the first resistance allele formation occurs. 

Besides the development of resistance to gene drives, any genome editing 
approach can be affected by the appearance of spontaneous inactivating or revertant 
mutations due to the natural mutation rate in the genomes of insects. Most of such 
inactivating mutations would be point mutations, deletions, or changes by 
recombination events or moving transposons. With a mutation frequency of 10? to 
107 per base pair, depending on the mutation event (Chovnick et al. 1971; Tobari and 
Kojima 1972; Bender et al. 1983; Neel 1983; Woodruff et al. 1983; Handler 2016), 
the occurrence of multiple mutations is to be expected as mass-rearing is scaled up 
towards 10? insects per week. 
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This phenomenon is not specific to genome editing technologies, however. It is a 
concern for any genetic modification used in insect mass-rearing approaches, 
including transgenic technologies or modifications induced by classical mutagenesis. 
Thus, already now, safeguard technology is used for strain maintenance like the filter 
rearing system used for ongoing fruit fly SIT programmes, to prevent the occurrence 
and persistence of inactivating mutations in the release population (Caceres 2005; 
Franz et al. 2021). Furthermore, besides such filter rearing systems, the safe use of 
transgenic insects for large-scale programmes will require backup systems. In case of 
failure of one system due to a random mutation, the other will serve as a safeguard to 
either preserve the strain function or prevent the strain from surviving in the wild due 
to the inactivating mutation (Eckermann et al. 2014; Handler 2016). 


7.3.2. Ecologic and Economic Challenges 

The success of any area-wide control programme involving, but not limited to, 
genome-edited insects will also depend on understanding the pest insect's population 
ecology. Population suppression, as well as replacement, strategies will be influenced 
to a different extent by factors like the dynamics within the population, insect 
migration behaviour and range, the geographic situation, environmental factors 
influencing the target population, as well as density threshold levels for successful 
reproduction or effective disease transmission, but also the adaptive or evasive 
potential of the target species. For a successful insect pest control programme with 
regard to environmental and human safety, it will additionally be essential to 
understand the insect's role in the food chain and its interaction or competition with 
other species. 

Critics of population elimination approaches claim that the target pest could be 
replaced by a competing pest, causing the same or other problems. However, except 
for some rare cases, such as a very strong and stable gene drive that in theory should 
be capable of eliminating a whole population, most strategies for population control 
will only lead to a reduction in population size. Even if potentially they can lead to 
elimination in large areas, they won't have the potential for global eradication of a 
species, and a resurgence of the targeted species is expected as soon as the treatment 
is stopped. 

The commercial applicability of genome-edited insects also depends on the crop 
and the pest complex threatening this crop. If one major pest species threatens the 
crop, the use of a species-specific strategy involving genome-edited insects is a 
practical approach. However, in a situation where a crop is equally affected by two or 
more pest species, the specific suppression or elimination of one of them could lead 
to population increases of the remaining pest species. In this case, any species-specific 
insect release strategy would also need to simultaneously address the other pest(s), 
but such an approach may be less economically viable. 
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7.3.3. Regulatory Challenges 

The release of genome-edited insects for area-wide pest control programmes will face 
significant challenges concerning existing diverging regulations for genome-edited 
organisms. As discussed above in Section 5, there is no uniform international 
approach to the evaluation, risk assessment and the release of GM and genome-edited 
organisms, with every country pursuing an individual approach to regulation. 
Consequently, one country might allow the release of a genome-edited insect after a 
thorough evaluation of the product for stability and safety, while a neighbouring 
country might generally prohibit the release of any genome-edited insect. This will 
pose a problem for releasing countries and their agricultural trade, as the insects will 
not stop at their country's borders, and they would not be able to guarantee the 
confinement of the genome-edited insects within their territory, even if the insects are 
released far from the border (Reeves and Phillipson 2017). While this is already a 
difficult situation for non-disseminating approaches such as GM crops and insects, it 
would practically require inter-country regulation of any strategy relying on gene 
drives which have the potential and the purpose to spread. 

Besides the regulations concerning the release of genome-edited insects, some 
food safety regulations will pose a challenge for the use of these insects in agricultural 
pest control. This will be most relevant for insects that feed inside of the fruits/crops. 
Such crops could be contaminated with the genome-edited insects, at least for the time 
of the releases, which could restrict marketing of these products in other countries, 
leading to the possible (temporary) loss or shifting of markets (Max-Planck- 
Gesellschaft 2017). In this case, the producing country would have to decide if the 
application of the genome-edited insects is economically worthwhile. It will also 
influence the approval processes for new genome-edited insect strains by the 
governments and regulatory bodies. How regulatory authorities in different countries 
will classify genome-edited insect material in agricultural products will, therefore, 
have a strong impact on international trade. 


7.3.4. Identification and Involvement of Stakeholders 

Area-wide pest management approaches involving the release of genome-edited 
insects will affect many different stakeholders. Identifying these stakeholders and 
their interests, and involving them in the planning and decision-making process, will 
be crucial for the success of any genome-edited insect deployment; it will also 
strongly impact the future of pest management projects. We summarize some 
important points here and refer the interested reader to the more in depths analyses 
performed by Gould (2008) and Baltzegar et al. (2018) in relation to the deployment 
of genome-edited insects in agriculture and human health. 

Ecological, economic, regulatory, and social contexts need to be understood in 
depth in a case-by-case assessment to be able to determine all the groups and 
subgroups that will benefit or be negatively affected by each intervention with 
genome-edited insects. Regarding the ecological impact of the genome-edited insect 
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release, different groups might have to be involved in the process on this level, 
including for example nature conservation organizations, ecologists, entomologists, 
farmer associations, public health workers, as well as environmental activists or 
NGOs opposing or not the use of GM or genome-edited organisms. 

A central question for the identification of stakeholders will be who pays for the 
programme and who profits from it. Moreover, are the ones paying also the ones 
profiting from the deployment? Considering the case of agricultural pest control, who 
will benefit from the genome-edited insect releases will strongly depend on the 
production systems, but also on the crop(s) and the pest complexes threatening these 
crops. It can be assumed that a conventional farmer will mostly profit from the release 
due to the lower pest burden, resulting in lower costs for insecticide treatments and 
higher quality harvests with better yields and access to more profitable markets. 

In contrast, for the organic farmers, the situation is complex. While they will also 
profit from the reduced pest insect burden, they might not be allowed to sell their 
products as they may contain residues of genome-edited material (for example in the 
form of insect larvae feeding inside the product). In many countries, there is a zero 
tolerance for GM material in organic food. Depending on how genome-edited material 
in organic food will be classified and regulated by individual authorities, the use of 
genome-edited insects might have a negative impact on organic farmers as their 
product might not be marketable anymore. 

Thus, in case of a financing model that involves the producers in the application 
area, all would pay but not all would benefit. On the other hand, due to the insects’ 
dispersal capacities, neighbouring producers might also profit from the decreased 
insect burden without paying, for example, if their production areas are located in 
proximity to a local programme. 

Potential sales problems due to food contamination with genome-edited material 
will not be restricted to local markets but also affect international agricultural trade, 
where the different tolerance levels for GM/genome-edited material in food will affect 
the accessibility of markets. The negative impact will therefore not stop at the level 
of the producers, but it will also affect all downstream links in the trade chain and 
therefore many more stakeholders (Max-Planck-Gesellschaft 2017). On the one hand, 
the use of genome-edited insects might close some markets for certain production 
types (like organic farming), at least for the period of the release. On the other hand, 
the use of genome-edited insects could also lead to the reopening of markets, if the 
pest control measure results in the elimination of a quarantine pest, whose presence 
in the product would have prevented the export or required expensive additional post- 
harvest measures such as phytosanitary treatments. 

Finally, a strong group of stakeholders that needs to be involved is the public, as 
the insects will be released in their airspace. Involvement of the public in the past has 
been handled very diversely. The first releases of GM insects were carried out with at 
best unidirectional public information campaigns but without any possibility to 
influence the decisions. This caused protest and considerable mistrust against compa- 
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nies and organizations promoting releases of GMOs (Subbaraman 2011; Baltzegar et 
al. 2018). Such experiences, step by step, initiated an important reconsideration and 
change in behaviour towards the public by scientists and organizations. In 2015, the 
release of GM diamondback moths was halted in New York, USA by the responsible 
authorities due to public disapproval despite the regulatory approval for the release 
(Boor 2015; USDA/APHIS 2015; Baltzegar et al. 2018). Similarly, the release of 
genetically modified mosquitoes by Oxitec Ltd. has been opposed in the target area 
in the Florida Keys, USA causing Oxitec to finally withdraw the application with the 
US Environmental Protection Agency (US-EPA) (Klingener 2018). 

In Brazil, a major public awareness and engagement campaign was successfully 
conducted before initiating the release of transgenic mosquitoes in an urban area, 
emphasizing participatory action and a community-based programme (Capurro et al. 
2016). Reconsideration of public involvement goes as far as claims from scientists to 
make biotechnology research that will affect *everyone" completely transparent from 
the beginning to build trust (Esvelt 2016, 2017). Certainly, for the success of a 
programme and its safe, economically worthwhile, and socially and environmentally 
responsible application, representatives of all relevant stakeholder groups should be 
identified and involved early in the decision-making process. 


8. RECOMMENDATIONS FOR THE SAFE APPLICATION OF 
GENETICALLY ENGINEERED INSECTS FOR PEST CONTROL 


8.1. Evaluation of the Product, not the Technology 


From a scientific point of view, the evaluation process of a genome-edited insect 
should focus on the product, not the technology that was used to create the product. 
A technology like genome editing can be used to create a variety of genetic 
modifications, as discussed above, from point mutations and small insertions or 
deletions, to the introduction of whole transgene constructs. These modifications can 
also be achieved with other technologies like classical mutagenesis or transgenic 
approaches, although with different mechanisms. Therefore, the primary evaluation 
criteria for the product should be the introduced genetic trait, its properties, the 
projected consequences and benefits, as well as the potential risks in case of field 
deployment. In a second step, the evaluation should also consider the molecular 
mechanisms of the technology used, to be able to investigate potential side effects that 
are characteristic for each technology, including classical mutagenesis and breeding 
approaches. 

A thorough product evaluation in our opinion should include the following points 
(without claim for completeness): 
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e Introduced genetic trait and its phenotypic properties — does it fulfil the aspired 
task? 

e Stability of the genetic modification over time, and potential reasons for the trait 
to fail 

e Consequences of a failure of the trait 

e Molecular mechanism of the technology and its potential for side effects 

e Are off-target mutations present and do the identified changes to the genome have 

consequences for the trait and its stability, for the genomic stability of the product 

in the environment upon release, or for the biological quality of the insect? 

Projected benefits of the release of the modified insect 

Potential risks of the deployment of the modified insect into the environment 

Benefits and risks (1f any) of current pest control strategies 

Weighting of the benefits and risks of the new strategy against those of the current 

control strategy and against no intervention 

e Possible ecological consequences (e.g. species reduction or elimination). 


8.2. Product Evaluation and Risk Assessment 


All the above points should be considered in the risk assessment of the product. For 
the best possible decision concerning a positive impact on society as well as nature, 
however, a thorough scientific product evaluation and risk assessment will not be 
enough. It will be crucial to have a wholistic decision-making process that will 
identify and involve representatives of all possible stakeholders and openly discuss 
their motivation, expectations and concerns early in the process. 

The involvement of as many perspectives and sources of knowledge as possible 
from the start of the decision-making process will allow a more comprehensive 
process, that will also have a stronger democratic legitimization (Hartley et al. 2016). 

One important point will be the honest, transparent and open discussion of the 
limits and gaps of the technology and the scientific knowledge and the consequences 
of a release. This will help to build trust in the scientific process and counteract the 
hype that can surround new biotechnologies (Caulfield and Condit 2012; Hartley et 
al. 2016). The 2016 publication by Hartley, based on the discussions of an 
international and interdisciplinary workshop entitled "Responsible Risk? Achieving 
Good Governance of Agricultural Biotechnology" held in Norway in November 2015, 
identifies five points that should be implemented in the scientifically and socially 
responsible development and application of agricultural biotechnology products: (1) 
commitment to candour, (2) recognition of underlying values and assumptions, (3) 
involvement of a broad range of knowledge and actors, (4) consideration of a range 
of alternatives, and (5) preparedness to respond (Hartley et al. 2016). In the end it 
should be a common decision of all stakeholders, 1f the expected positive impact of 
the product on society and nature is worth taking the risk, even 1f small. 
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9. CONCLUSIONS 


Genome editing has a high potential for improvement of diverse human life situations. 
It could be the solution to control many vector-borne diseases, or safely and species- 
specifically control devastating agricultural pests, to reduce the burden on the human 
population worldwide. Nevertheless, it has to be studied thoroughly to the point where 
the technology and its potential drawbacks and side effects are very well understood, 
current technological roadblocks have been overcome, and the products are evaluated 
carefully according to well-defined regulations. 

Regulations for genome-edited insects and other genome-edited products should 
be in the best interest of society based on scientific data acquired, rather than being 
based on an opinion from groups that are not independent. Therefore, also the 
underlying interests of institutions funding genome editing research should be 
critically analysed before they are allowed to give “public” views at any stage in the 
decision-making process. False information policies lead to the stalling of academic 
as well as industrial research, and in the case of Germany killing important innovation 
and economic development that will instead move to more open and innovation- 
friendly countries. 

Genome editing is still in its infancy, and the consequences of tampering with gene 
function are not yet well understood, even when editing genes that researchers thought 
to be well studied. The gene networks are far more complex than so far assumed and 
meddling with them at this stage can have unforeseen consequences. While this lack 
of full understanding urges progressing with caution, it poses at the same time a strong 
demand for more research to understand the mechanisms involved, learn about side 
effects, and re-engineer the technology accordingly to make genome editing the safest 
possible technology. What would be counterproductive is a substantial restriction or 
even shutdown of the research due to uninformed or even misinformed fears and false 
information, which prevents better understanding and improvement of gene editing 
technologies. 

In no way this should be a charter to do anything that is possible, but to base 
decision-making of every new technology on transparent science, facts, and 
comparing them to existing technologies to allow decisions like “are they an 
improvement or not?" This train of thought has been used in plant breeding for a long 
time, where only seeds with proven improvements over the existing ones are allowed 
on the market. 
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SUMMARY 


Since the overall reproductive output of a population is typically determined by the fertility of its females, 
which are rate-limiting in gamete production, a successful way to genetically control a population should 
involve artificially biasing the sex ratio towards males. In male heterogametic species, this could be 
achieved by the expression of a transgene-encoded endonuclease during spermatogenesis that would target 
and "shred" the X chromosome at several loci. This would prevent the transmission of X chromosome 
bearing gametes to the progeny, generating only males. Recent developments in molecular and synthetic 
biology have provided genome editing tools with great potential to engineer the genome of different species. 
Given the targeting flexibility of CRISPR-based endonucleases, it may now be possible to test whether X 
chromosome shredding has the potential to become a universal strategy to genetically control a wide variety 
of insect pests, of both agricultural and public health relevance. 


Key Words: Meiotic drive, sex ratio distorters, biased sex ratio, gene editing, genome editing, X-shredding, 
genetic control, spermatogenesis, male-determining genes, gene drive, selfish chromosomes 


1. INTRODUCTION 


In most sexually reproducing organisms, males and females are generated in 
approximately the same numbers. Fisher's principle states that the sex ratio is in 
equilibrium when an individual spends the same amount of energy to produce equal 
numbers of males and females. When the ratio is different from the equilibrium, the 
less predominant sex, or rather genes determining development towards this sex, will 
have an advantage that will last until the equilibrium is re-established (Fisher 1958). 
As the balanced sex ratio 1s approached, the advantage associated with producing the 
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rarer sex wanes, and the equilibrium is re-established. Consequently, novel genetic 
traits that bias the sex ratio towards one sex gain a short-term advantage but are 
eventually counterbalanced by a neutralizing evolutionary force in the form of drive 
suppressors that evolve on the autosomes or on the Y chromosome. Sex ratios can 
therefore be portrayed as the dynamic outcome of an ongoing evolutionary “tug of 
war" (Argasinski 2013). Fisher's principle only applies in those cases where the sex- 
ratio 1s controlled by genes acting in the homogametic sex, or by autosomal genes 
acting in the heterogametic sex, in XX-XY and ZW-ZZ systems. 

In a population of a sexually reproducing organism, a dramatic sex bias towards 
one of the two sexes usually decreases the population's overall fertility. Since the 
overall reproductive output of a population is typically determined by the fertility of 
its females, which are rate-limiting in gamete production, a successful way to 
genetically control the population could involve artificially biasing the sex ratio 
towards males (Hamilton 1967). Such a genetic control strategy could reduce the size 
of harmful animal populations, such as agricultural insect pests or disease-vector 
species, or even result in the suppression or collapse of the population before 
suppressor alleles can arise to re-establish a balanced sex ratio. In control 
programmes, a male-biased sex ratio would also be favourable because females are 
often responsible for the damage (e.g. they are often the vectors of human parasites or 
viruses (e.g. mosquitoes) or lay eggs in agricultural products (e.g. fruit flies). 

Hamilton was among the first to suggest how genetic sex ratio distorters (SRDs) 
could be applied to eradicate mosquito populations, and that under certain conditions, 
non-Fisherian sex ratios could arise and yet be maintained. He considered a 
heterogametic species with males (XY) harbouring a mutant Y chromosome that can 
bias fertilization in its favour at the cost of the X chromosome. Males carrying such a 
Y mutation would only produce sons. As a result, the mutant Y chromosome would 
gain a selective advantage and spread within the population, rendering it increasingly 
male-biased at each generation. The decline in female numbers would result in a 
decrease in size and eventually the collapse of the population (Hamilton 1967). In this 
example of SRD, an invasive Y chromosome interferes with the production of X- 
bearing gametes during spermatogenesis and spreads through the population in a self- 
sustaining manner. Hamilton's thought experiment was inspired by observations of 
natural populations of mosquitoes, where Craig et al. (1960) reported that a SRD 
transmitted by males was responsible for a male bias in Aedes aegypti (L.), the yellow 
fever mosquito. Observations in other species since then have also identified an X 
chromosome bias and thus more female progeny in some populations of Drosophila 
simulans Sturtevant (Mercot et al. 1995). Importantly, it is often difficult to identify 
the existence ofa SRD in a population because local suppressors evolved to counteract 
it — had they not the population would have likely disappeared. 

For the purpose of this chapter, it is important to distinguish such driving 
(invasive) SRDs from traits that bias the sex ratio, but that are inherited in a non- 
driving standard Mendelian fashion (Fig. 1). Both types of SRDs, in turn, are distinct 
from female killing systems (FK) that also result in a biased sex ratio in progeny, but 
they do so at the expense of reproductive output because of post-zygotically lethality 
of female offspring. 
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Unlike the bias generated by female killing systems (FK), SRDs operate pre- 
zygotically during gametogenesis and thus do not result in an overall reduction of 
male fertility. The main advantage of driving SRDs, as far as genetic population 
control is concerned, is their invasiveness. In the absence of resistance against the 
drive, the driving Y chromosome will eliminate the X chromosome in sperm and 
eventually lead to population collapse due to the lack of females. 

Nevertheless, non-invasive SRD traits also have significant potential for genetic 
control, although they are eventually lost in the absence of continuous releases. They 
are advantageous in particular when compared to other forms of inundative genetic 
control approaches such as the Sterile Insect Technique (SIT) (Dyck et al. 2021) or its 
transgenic cousin, the Release of Insects carrying a Dominant Lethal (RIDL 
technology) (Thomas et al. 2000) as they require smaller effective releases 
(Schliekelman et al. 2005). 


Normal Female Killer (FK) SRD driving Y-linked SRD 
0:0 0:90 © : © © : © 
XY AA i XX AA XY AA i XX AA XY mE ' XX AA —À XX AA 


50% males 100% males 100% males 100% males 
50% inherit FK 50% inherit SRD 100% inherit SRD 


100% fertility 50% fertility 100% fertility 100% fertility 


Figure 1. Male-biased sex ratio distorters (SRDs), unlike female killing systems (FK), bias the 
reproductive sex ratio towards males, while ideally maintaining full fertility. 


SRD is a form of segregation distortion (SD) or meiotic drive, a term that also 
encompasses transmission of anomalies that are not strictly meiotic but that alter the 
normal process of meiosis, generating a gametic pool with one type of allele in excess 
(Zimmering et al. 1970). When SDs are physically linked to sex-determining loci or 
sex chromosomes, meiotic drive will result in an unbalanced sex ratio in the next 
generation. Reduced recombination between sex chromosomes favours the emergence 
of meiotic drive systems along them and indeed sex chromosome SDs are abundant 
in nature (Hammer 1991; Lyttle 1991). 

SRDs occur mostly in association with male heterogamy, and usually, it is the X 
chromosome that drives against the Y chromosome, as a consequence of which males 
produce a strongly female-biased progeny. However, SRD systems in which the X 
drives against the Y chromosome, as in Drosophila, are not efficient in insect control 
programmes. Not only does population collapse proceed at a slower pace and is 
delayed by male polygamy, but it could result in short-term spikes in population size 
due to the female-biased progeny (Novitski 1947; Hamilton 1967). 
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Y-linked SRDs have been found to occur in nature in the culicine mosquitoes Ae. 
aegypti L. and Culex pipiens L., both of which harbour homomorphic sex 
chromosomes (Gilchrist and Haldane 1974; Fontaine et al. 2017). Males of these two 
species are heterozygous at the sex-determining locus (Mm) which is located in 
chromosome 1. The gene determining male sex was recently described in Ae. aegypti 
(Hall et al. 2015; Turner et al. 2018). The meiotic drive locus, MP, is closely associated 
to M, acts in trans, distorting expression at a responder locus that is proximal to and 
indistinguishable from m, the locus that is homozygous in females. Subtle enhancers 
and suppressors of MP strength have been discovered on all autosomes of Ae. aegypti, 
as have responder loci of varying sensitivity (Wood and Ouda 1987; Wood and 
Newton 1991; Cha et al. 2006). 

Specific crosses involving the field-caught T37 strain of Ae. aegypti, result in a 
male-biased population of about 85% (Shin et al. 2012). Initial cage-population 
experiments to assess the suitability of the MP locus for controlling natural 
populations of Ae. aegypti, showed females with developed resistance to MP. 
Although the mechanism responsible for the resistance remains unknown, the level of 
distortion ultimately attained was insufficient to achieve effective population control 
(Hickey and Craig 1966; Robinson 1983). 

Since natural resistance to MP is common in the field, only native populations that 
are highly sensitive could be targeted. The efforts involved in the many attempts to 
apply MP for insect control have highlighted the problems that could arise by using 
naturally occurring distorters for which resistance or rather counteracting alleles are 
already in existence. Also, their potential to be transferred to other target species 1s 
unclear as SRD and responder loci are expected to have co-evolved. Thus, efforts have 
intensified to develop entirely synthetic SRD strategies, which will be the focus for 
the remainder of this chapter. 


2. SYNTHETIC SEX RATIO DISTORTERS BASED ON THE X 
CHROMOSOME SHREDDING MODEL 


Synthetic distorters have the advantage of being unaffected by some, or all of the 
suppressor alleles that may exist to counteract naturally circulating distorter alleles. 
This is the case of synthetic SRD systems designed to circumvent the established sex 
determination pathway, operating independently of it. In the naturally occurring SRDs 
in Cx. pipiens and Ae. aegypti mosquitoes, cytological observations revealed that 
during the early stages of male meiosis, the X-equivalent chromosome harbouring the 
m locus are fragmented. This is accompanied by an increase in M-bearing gametes 
and a reduction in the number of females born in the next generation (Newton et al. 
1976; Sweeny and Barr 1978). 

The observations of X chromosome fragmentation suggested that a similar system 
for SRD could be artificially created through endonuclease-mediated cleavage of the 
X chromosome during male meiosis. In male heterogametic species, this could be 
achieved by the expression of a transgene-encoded endonuclease during 
spermatogenesis that would target and cut the X chromosome at several loci (Fig. 2). 
Consequently, only gametes with the Y chromosome would be produced or would be 
functional to achieve fertilization and only males would be generated (Burt 2003). 
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Figure 2. A multicopy target sequence (green bars) on the X chromosome is targeted by an 
endonuclease (scissors) during spermatogenesis. Shredding of the X chromosome favours the 
unaffected Y-bearing sperm and results in a male-biased progeny. Blue and red boxes are 
endonuclease and gRNA genes, respectively. 


2.1. I-Ppol as the First Synthetic Sex Ratio Distorter in the Malaria Mosquito 


A transgenic SRD trait was first developed and tested in the malaria mosquito 
Anopheles gambiae Giles, expressed from autosomal locations (Windbichler et al. 
2007, 2008; Klein et al. 2012). It utilized the Physarum polycephalum Schwein I-Ppol 
endonuclease, which was driven by the P2-tubulin promoter that is specific to 
spermatogenesis. I-Ppol is an intron-encoded endonuclease mapping in the 28S rDNA 
locus that selectively cleaves ribosomal DNA sequences. 

In An. gambiae, the ribosomal repeats are localised exclusively on the X 
chromosome making the targeting and cutting highly specific to the X chromosome. 
The expression of wild-type I-Ppol during spermatogenesis resulted in the cleavage 
of the X chromosome, but also in male sterility. It was found that during fertilisation, 
mature sperm carrying stable I-Ppol transfers endonuclease protein to the egg, 
determining the shredding of the maternal X chromosome and thus sterility. 

To reduce the in-vivo half-life of I-Ppol and limit its activity to male meiosis, 
Galizi and colleagues (Galizi et al. 2014) generated a series of protein variants by site- 
directed mutagenesis. They modified amino acid residues involved in the zinc-binding 
core formation, protein packaging and protein dimerization. Next, they generated 
transgenic mosquitoes carrying autosomal insertions of each variant of the I-Ppol 
protein and analysed hatch rate and percentage of SRD in the progeny of hemizygous 
males crossed to wild-type females. W124A strains, with a mutation in the 
dimerization domain of I-Ppol, showed the highest hatch rate and SRD in the progeny 
corresponding to 97.4% males and a hatch rate close to the control. The SRD 
phenotype was stably inherited for four consecutive generations by transgenic sons. 
In five independent laboratory cage experiments with such males it was at least two 
orders of magnitude more efficient than sterile males. The cage studies also showed 
that releases of hemizygous distorter males at an overflooding ratio of 3x to wild-type 
males, was sufficient to eliminate the An. gambiae cage populations within six 
generations. 
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2.2. CRISPR-Cas9-Based X Chromosome Shredding to Induce Sex Ratio Distortion 


While the I-Ppol system is a working model for an X chromosome shredder in An. 
gambiae, it is not transferable to other organisms unless they share the same location 
of the target rDNA sequences on the X chromosome. 

Recent developments in molecular and synthetic biology have provided genome 
editing tools with great potential to engineer the genome of different species. The most 
promising is the RNA-guided CRISPR-Cas9 (Clustered Regularly Interspersed Short 
Palindromic Repeats-CRISPR-associated 9) endonuclease system (Mali et al. 2013). 
Here, a guide RNA (gRNA) "guides" the endonuclease to the complementary DNA 
sequence, which is digested by the enzyme generating double-strand breaks. Cas9 can 
be used to cleave any complementary target DNA harbouring a PAM (Protospacer 
Adjacent Motif) sequence, a motif consisting of the three-base-pair, NGG (any 
nucleobase followed by two guanine nucleobases). 

In addition, other RNA-guided endonucleases have recently been discovered, such 
as Cpfl, smaller than Cas9 and A/T rich genomic-region specific, that may also prove 
to be as versatile as the Cas9 system (Zetsche et al. 2015). Compared to systems such 
as zinc-finger nuclease (ZFN), TALE nucleases (TALEN) and homing endonuclease 
genes (HEGs), RNA-guided systems do not require alteration of the protein to 
recognize the target sequences. Instead, gRNAs consisting of 18-20 RNA nucleotides 
are sufficient to lead the endonuclease to its target. Thus, endonucleases with novel 
specificities can be generated more easily and a larger number of genomic loci can be 
targeted and cleaved in parallel. Lastly, different gRNAs can be used to target multiple 
sites simultaneously, thus decreasing the odds of developing resistance alleles. 

The CRISPR-Cas9 system, because of its specificity and flexibility, has been 
tailored to modify the genomes of different organisms, including yeast (DiCarlo et al. 
2015), plants (Li et al. 2013), worms (Frokjaer-Jensen 2013), fruit flies (Gratz et al. 
2013; Gantz and Bier 2015), the jewel wasp Nasonia vitripennis Walker (Li et al. 
2017), mosquitoes (Basu et al. 2015; Gantz et al. 2015; Kistler et al. 2015; Hammond 
et al. 2016), zebrafish (Hwang et al. 2013), mice (Shen et al. 2013), monkeys (Niu et 
al. 2014), and human cells (Cong et al. 2013). 

Recently, CRISPR-Cas9 was successfully used to act as a SRD system in An. 
gambiae. As a follow-up of the I-Ppol work, Galizi and colleagues, designed a 
transformation construct containing the cas9 gene under the control of the f-tubulin 
gene promoter, and a gRNA targeting an X chromosome-linked rDNA sequence 
distinct from the original I-Ppol target (Galizi et al. 2016). This site was selected 
because it was conserved among closely related species of the An. gambiae complex, 
but crucially, was absent from more distantly related insects such as Drosophila. 
Similarly, to the observations with I-Ppol, the progeny of males from all tested 
transgenic lines displayed a high SRD with values ranging from 86.1% to 94.8% 
males. The fertility of transgenic males of almost all lines was similar to the wild- 
type, with hatching rates between 83.6% and 93.2%. Furthermore, although the £- 
tubulin promoter was used to regulate the expression of both Cas9 and I-Ppol 
(discussed above) endonucleases, the Cas9 protein was not paternally carried over into 
the fertilised embryo, thus increasing the hatching values and simplifying the 
generation of SRD. 
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Similar to I-Ppol, five consecutive generations oftransgenic males stably inherited 
the SRD phenotype. As was observed for I-Ppol, however, the paternal X 
chromosome of rare survivor females exhibited both target sequence repeats that were 
intact indicating that not all of the targets were cleaved, as well as target sequence 
repeats that were found to be resistant to in-vitro re-cleavage as a possible 
consequence of DNA miss-repair. This is consistent with CRISPR-Cas9-mediated 
generation of resistant alleles by non-homologous end joining (NHEJ) or 
microhomology mediated end joining (MMEJ), repair mechanisms in DNA double- 
strand breaks that have been shown to adversely affect CRISPR-based gene drive 
systems (Hammond et al. 2016). For CRISPR-based SRDs, the likelihood of miss- 
repair leading to overall resistance to X chromosome shredding and consequently to 
the failure of population control is greatly reduced as a higher number of X 
chromosomal sites are targeted simultaneously. 


2.3. Potential for Establishing CRISPR-Cas9-Based Sex Ratio Distorters in Other 
Species 


Given the flexibility allowed by CRISPR-based endonucleases, it may now be 
possible to test whether X chromosome shredding has the potential to become a 
universal strategy to genetically control a wide variety of heterogametic insect pests, 
of both agricultural and public health relevance. However, the proof-of-principle in 
An. gambiae relies on the peculiar localisation of the mosquito's rDNA genes, which 
are confined to the X chromosome, and the availability of an endonuclease that targets 
these repeats, two characteristics unlikely to be shared by many other insect species. 

For X chromosome shredding to become a more widely used approach, what is 
required is a method to identify motifs repeated exclusively on the X chromosome, 
and the ability to engineer endonucleases able to target and cleave these sequences in 
the male germline. 

Recently, a bioinformatic pipeline called Redkmer (for Repeat Extraction and 
Detection based on kmers, all the possible sub-sequences of length k from a read 
obtained through sequencing) used for DNA sequence analysis and comparison, was 
developed for X chromosome target sequences shredding by CRISPR endonucleases 
(Papathanos and Windbichler 2018). It relies on long and short read sequencing 
technology and can identify highly abundant X-specific sequences. Because genome 
assemblies typically exclude highly repetitive sequences such as satellite DNA, it was 
designed to not rely on high-quality assembled genomes. Indeed, for many target 
insect species, high-quality genome assemblies are not available. 

The Redkmer pipeline requires as input only whole genome sequencing (WGS) 
data based on long (e.g. PacBio) and short (e.g. Illumina) unassembled reads of the 
relevant insect. WGS for the long reads is performed only on male individuals, while 
short read data are generated from both, male and female individuals, independently. 
For the selection of highly abundant X chromosome kmers, the pipeline relies on two 
features: (1) WGS elements mapping on the X chromosome that occur on average 
twice as often in female compared to male data; (2) overall sequence abundance with 
X chromosome specificity. 
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Preliminary data in 4n. gambiae confirmed the potential of the bioinformatic 
pipeline, revealing X-specific and abundant kmers that overlapped with the known 
rDNA cluster. The now affordable costs of next-generation sequencing and the 
increase in computer power, combined with the flexibility of the CRISPR-Cas9 
system, will ease the application of SRD to genetically control disease vectors and 
economically or ecologically damaging invasive species. 


3. CONSIDERATIONS ON THE USE OF SYNTHETIC SEX RATIO 
DISTORTERS 


SRD systems are subject to two essential limitations. First, SRDs will only work in 
sexually reproducing species. Second, like the SIT, maintaining SRD traits within a 
target population requires scheduled releases of new transgenic individuals that need 
to be continuously reared in considerable numbers rendering the approach costly. As 
mentioned, this could be eased by linking the SRD trait to the male Y chromosome. 
Thus, in this case, all male offspring will inherit the transgene that will spread 
invasively. 

For scaling up and potential field testing of the non-driving SRD traits described 
above, transgene expression should be conditionally repressed. This would enable 
mass-rearing, as constant backcrossing of a constitutively expressed SRD trait at each 
generation is unlikely to be a practical method. Conditional expression systems have 
been successfully used in the field, in combination with dominant lethality, but should 
be adapted to work in conjunction with CRISPR-based constructs. 


3.1. Difficulty in Turning Non-driving SRD into Driving-SRD Traits 


All synthetic SRD systems described so far are non-driving autosomal distorters. 
Moving autosomal distorters to the Y chromosome is, however, far from the 
straightforward proposition it appeared to be initially. All active distorter transgenes 
examined by Galizi et al. (unpublished) had the construct inserted on an autosome. 
Lines with the transgene integrated on either the X or Y chromosome did not show a 
significant level of I-Ppol expression in the testes. This was explained by the 
repressive effect of meiotic sex chromosome inactivation (MSCI) that silences 
unpaired chromatin during meiotic stages of spermatogenesis. Inactivation of 
transgenes integrated on the X chromosome has been described before in mosquitoes 
(Magnusson et al. 2012; Papa et al. 2017). MSCI may turn out to be a significant 
obstacle in turning non-driving SRD into driving-SRD traits, as its biological function 
may be that of policing SD traits. 


3.2. Advantages of the Standard Autosomal SRD Systems 


One advantage of the standard autosomal SRD systems based on RNA-guided 
endonucleases is that they can be engineered to work, at least in principle, in most 
heterogametic species and therefore suppress the population of many target 
organisms. 


CRISPR-BASED SEX RATIO DISTORTERS FOR INSECT PEST CONTROL 851 


Recently the precise deletion of chromosomes in cell lines of mammals 
(Adikusuma et al. 2017) has been demonstrated and indicates that this system could 
also work in higher organisms. From an ecological standpoint, a second advantage is 
the reduced risk of invasion compared to driving Y-linked SRDs or compared to other 
gene drive elements that are being developed for the purpose of population 
replacement (Gantz and Bier 2016; Hammond et al. 2016). Once released, the 
frequency of the SD alleles decreases instead of increasing in the population, a 
desirable feature to avoid permanent ecosystems alterations (Oye et al. 2014). 


3.3. Engineering Multiple gRNAs to Reduce Generation of Resistance Alleles 


In RNA-guided SRD systems there is the need to understand the likelihood at which 
resistant alleles will develop in the target sequences (Bull 2015). The tendency of 
natural selection to favour equal sex ratios exerts pressure on the NHEJ (non- 
homologous end joining) repair system that may generate resistance alleles via 
insertion. and deletions in target sequences. In addition, natural sequence 
polymorphism between individuals of the same population could also prevent cutting. 
Therefore, to reduce the growth of resistance alleles, it is critical to engineer different 
gRNAs cutting simultaneously, including some that target conserved regions of 
essential genes. The degree to which X chromosome shredding systems can rely on 
the existence of numerous repetitive sequences of the same target on the X 
chromosome, may directly determine the likelihood of the rise of resistance alleles, 
although further research is required in this area. 


3.4. Environmental, Ecological, and Regulatory Challenges 


The release of transgenically modified organisms for population control is challenged 
by a series of environmental, ecological, and regulatory difficulties. Transgenic males 
should be able to mate and scout for females to the same extent as wild-type males 
(Lacroix et al. 2012). A different behaviour would drop the chances of spreading to 
remote regions reducing the success of population control. Different factors can 
decrease the competitiveness of males such as mass-rearing, inbreeding, transgene 
expression and its insertion site in the genome (Catteruccia et al. 2003; Reed et al. 
2003; Baeshen et al. 2014). The use of the PhiC31 integration system that provides 
precisely mapped docking sites, has helped to reduce the position effect on gene 
expression (Amenya et al. 2010). 

Genetic variation of wild-type individuals is another feature that can influence the 
success of the release operation. Polymorphisms in the gRNA target site can 
compromise the ability of the endonuclease to cleave the DNA. Different strains can 
have slightly dissimilar mating behaviours or live in distinctive ecological niches 
making their control even more difficult. These are all features that should be 
considered when applying genetic engineering to control vector-borne disease or 
agricultural pests. 
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Ultimately, the release of transgenically modified individuals causes 
environmental and safety challenges that should be addressed in each individual case. 
Ecological and molecular containment strategies should be considered when 
designing RNA-guided SRD systems. The chances of the SRD trait spreading to non- 
targeted species, and horizontal transfer of the transgenes must be safely reduced 
before releasing the modified individuals (David et al. 2013; Nielsen, this volume). 
Species-specific targeting sequences and promoters to regulate the endonuclease 
expression should also prevent lateral gene transfer beyond target populations (Oye et 
al. 2014). 

Confined laboratories, with high containment levels and only small-field tests, 
should initially be used to determine the safety and specificity of the transgene 
modification. An open discussion with regulatory agencies, the scientific community 
and the public is fundamental to inform on the risks and benefits of using genetic- 
engineering technologies to control vector-borne diseases and alleviate the economic 
burden inflicted by agricultural pests (Oye et al. 2014). 


4. OTHER APPROACHES TO ACHIEVE SYNTHETIC SEX RATIO 
DISTORTION 


We have focussed our discussion on X chromosome shredding as a paradigm for 
developing synthetic SRDs. However, other approaches are also conceivable to 
achieve the same goal. Recently, the long-elusive male-determining genes of a number 
of important pest and vector species have been identified. These include the Y 
chromosome-linked male-determining genes in mosquitoes An. gambiae and An. 
stephensi Liston, the M-locus linked gene in Ae. aegypti, the mobile splicing factor in 
M. domestica L. and the MoY factor in Ceratitis capitata (Wiedemann) (Hall et al. 
2015; Criscione et al. 2016; Krzywinska et al. 2016; Sharma et al. 2017; Meccariello 
et al. 2019). 

Knowing the sex-determining genes in each of these species will allow designing 
synthetic SRDs. In addition, the use of a nuclease-based gene drive could ensure the 
transmission of the synthetic SRDs to the entire progeny and bring more rapidly the 
population to collapse (Kyrou et al. 2018; Hácker and Schetelig, this volume). 

Finally, caution should be used when sex-determining genes play functional roles 
in other essential pathways, such as in dosage compensation. Their multiple functions 
may interfere with some strategies to manipulate sex ratios, for example through the 
lethality of transgenic male-determination signals on chromosomes other than the Y 
chromosome. 
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SUMMARY 


Trypanosomosis is one of the major constraints to rural development in sub-Saharan Africa. Studies of the 
species distribution and landscape genetics allows for targeting tsetse-infested areas and optimizing the 
management of tsetse fly populations. In this chapter, a review is provided on 1) available spatial tools and 
landscape genetics, 2) the use of tsetse distribution models to rank populations according to their level of 
isolation to assist identifying populations that can be targeted for eradication, and 3) the use of tsetse 
distribution models to optimize tsetse control efforts within an area-wide integrated pest management 
context. 


Key Words: Glossina, habitat suitability, African trypanosomosis, nagana, sleeping sickness, sub-Saharan 
Africa, area-wide integrated pest management, spatial modelling, Maxent, distribution models, friction 
models, population genetics 


1l. INTRODUCTION - THE TSETSE AND TRYPANOSOMOSIS PROBLEM 


Tsetse flies (Glossina spp.) are widely distributed in sub-Saharan Africa and inhabit 
semi-arid, sub-humid and humid lowlands in 37 countries across the continent with a 
potential distribution range of some 8.7 million km? (Rogers and Robinson 2004). 
They transmit trypanosomes, the causative agents of sleeping sickness (human 
African trypanosomosis, HAT) and nagana (African animal trypanosomosis, AAT). 
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Together, the animal and human diseases pose health threats and a great economic 
burden to vast regions of sub-Saharan Africa where they are endemic (Swallow 1999; 
Diall et al. 2017). 

The number of HAT cases has substantially declined in the last 15 years, mainly 
through increased disease surveillance and treatment of affected patients (WHO 
2013), and since 2012 in Trypanosoma brucei gambiense HAT foci, thanks to 
increased vector control (Courtin et al. 2015; Mahamat et al. 2017). Whereas in 2000 
there were more than 25 000 newly reported cases, this had decreased to 7106 new 
cases by 2012. In 2018, less than 1000 new cases of HAT were reported to the World 
Health Organization (WHO 2019), which represents the lowest number of sleeping 
sickness cases ever recorded. In some countries with ongoing conflicts, there is 
obviously the likelihood of under-reporting of cases. There is, however, general 
consensus that the complete elimination of HAT as a public health problem can only 
be possible through the inclusion of an effective vector management component 
(Solano et al. 2013; Feldmann et al. 2021). 

Contrary to the advances made with the management of HAT, the AAT continues 
to represent the greatest animal health constraint to improved livestock production in 
sub-Saharan Africa, causing economic losses amounting to USD 4.75 billion annually 
and putting approximately 50 million cattle at risk (i.e. milk and meat production) 
(Swallow 1999; Scoones 2016). The disease also prevents the integration of crop 
farming and livestock keeping, a crucial component for the development of 
sustainable agricultural systems (Alsan 2015). 

Early death can result in chronically infected animals if AAT is not treated, and at 
least three million cattle and other domestic animals succumb to the disease each year 
(Hursey and Slingenbergh 1995). When not lethal, AAT brings livestock into a 
chronically debilitating condition and reduces fertility, weight gain, meat and milk 
production by at least 50%, as well as the work efficiency of oxen used to cultivate 
the land (Budd 1999; Swallow 1999; Shaw 2004). The disease has also indirect 
negative effects on the development of commercial domestic and livestock 
production, i.e. it discourages the use of more-productive exotic and cross-bred cattle, 
depresses the growth and distribution of livestock populations, reduces the potential 
opportunities for integration of livestock keeping and crop production through less 
draught power to cultivate land and to transport farm products to market, and less 
manure to fertilize (in an environment-friendly way) soils for better crop production. 

In addition, the scarcity of domestic animals leads to a serious shortage of animal 
protein for human consumption and as people tend to avoid areas infested with tsetse 
flies, they affect human settlement (Shaw 2004). Consequently, tsetse flies and the 
AAT it transmits are considered as one of the root causes of hunger and poverty in 
about one third of the African continent (Feldmann et al. 2021). AAT therefore is an 
important limiting factor to reach Sustainable Development Goals 1 (No Poverty) and 
2 (Zero Hunger) (UN 2019). 

Understanding the distribution of tsetse flies in space and time is essential in 
selecting the most appropriate intervention strategies for the area-wide management 
of tsetse populations in different parts of sub-Saharan Africa. Despite substantial 
efforts for more than a century, deliberate efforts to reduce the vast tsetse belt have 
had very limited success (Vreysen et al. 2013). 
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In past decades, spraying of insecticides was effective in controlling tsetse fly 
populations in certain areas of the African continent, e.g. to stop the advancing front 
of tsetse flies in south-eastern Zimbabwe and south-western Mozambique between 
1962 and 1974 (Robertson and Kluge 1968; Lovemore 1972, 1973, 1974; Robertson 
et al. 1972), and to eliminate tsetse flies in Zimbabwe (Jordan 1986), Nigeria 
(MacLennan and Kirby 1958), Botswana (Davies 1980), Zambia (Paynter and Brady 
1992), the Zambezi region (formerly Caprivi Strip) of Namibia, and in Malawi (Vale 
1999). However, although the spraying of non-residual pyrethroids as ultra-low 
volume formulations either using ground fogging techniques or the sequential aerosol 
technique (SAT) was until recently still used in Burkina Faso, Ethiopia, Ghana, 
Guinea and Zimbabwe (Bouyer and Vreysen 2018), the spraying of residual 
insecticides is no longer recommended anymore on environmental grounds. 

Whereas in the past, suppression methods were often used alone and against only 
certain segments of the tsetse population, in the last decades it has become evident 
that more sustainable tsetse population management can be obtained when applying 
two compatible strategies, i.e. area-wide integrated pest management (AW-IPM) 
(Vreysen et al. 2007) and the phased conditional approach (PCA) (Bouyer and 
Vreysen 2018). The management of tsetse fly populations can be implemented using 
two basic approaches, i.e. on a localised field-by-field basis or on an area-wide basis 
(total population management) (AW-IPM) (Hendrichs et al. 2007; Klassen and 
Vreysen 2021). AW-IPM is an approach that consists of a coordinated effort against 
all sub-units of a target pest population in an ecosystem before the pest population has 
reached damaging proportions. Local field-by-field pest control is a reactive effort 
when the pest population reaches damaging levels and is carried out individually and 
independent ofthe action of neighbouring farmers. These two strategies have different 
objectives. Whereas population suppression (the reduction of the insect pest density 
below a threshold preventing damage or disease transmission) can be the objective in 
both cases, local population elimination (eradication would signify the elimination of 
all populations of a given insect species from the planet) is only possible using the 
second approach, with higher costs but proportional longer-term impacts (Vreysen 
2006; Bouyer et al. 2013). 

The AW-IPM approach minimizes the risk of reinvasion, as areas that are of no 
interest to the farmers are also targeted. This approach usually requires several years 
of planning and a specialised organization with dedicated staff to implement the 
control activities, in an adaptive management scheme. The AW-IPM can benefit from 
advanced technologies such as geographic information systems (GIS), population 
genetics (increasingly being used for designing and implementing tsetse control 
efforts; Bouyer et al. 2021), remote sensing and aerial dissemination techniques 
(Vreysen 2006; Dicko et al. 2014; Klassen and Vreysen 2021). 

This chapter highlights the integration of species distribution modelling and 
landscape genetics to facilitate the management of tsetse populations. First, it presents 
a general overview of spatial tools and landscape genetics. Second, it presents how 
modelling the distribution of tsetse populations and ranking them according to their 
level of isolation can help to identify populations that can be targeted for eradication. 
Finally, it presents how tsetse distribution models can be used to optimize tsetse 
control efforts within an AW-IPM context. 
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2. GENERAL OVERVIEW OF SPATIAL TOOLS AND LANDSCAPE 
GENETICS 


2.1. Spatial Modelling and Geographic Information Systems 


Spatial tools have long been important to natural resource applications. The GIS, 
global positioning system (GPS), and remote sensing (RS) are spatial tools that have 
become more and more important for decision-making in the control of diseases, i.e. 
to locate important target sites, to predict population change based on climatic trends, 
to report potential anomalies, but also to analyse landscape patterns, disaster 
management, etc. Data can, in many instances, only be fully understood when they 
can be placed in a geographic context. Hence the benefits that can be derived from 
using GIS, which are computer-based tools that analyse, store, manipulate and 
visualize geographic information, usually in a map (Bouyer et al. 2021). GPS is a 
satellite navigation system used to determine the exact position of an object, whereas 
RS aims at providing access to a range of satellite-derived data products about the 
earth's surface using electromagnetic sensors. 

These geospatial tools have made the design and the implementation of AW-IPM 
programmes and disease control much more effective and cost-efficient. The 
importance of geomatic tools to assist various stages of planning and application of 
the Sterile Insect Technique (SIT) as part of an AW-IPM approach is presented 
elsewhere (Bouyer et al. 2021) and includes the selection of project sites, planning of 
pre-intervention surveys and feasibility assessments before the start of the operational 
implementation campaign. Geomatic tools are also essential to monitor and analyse 
insect populations during area-wide control efforts to be able to implement adaptive 
management (Vreysen et al. 2013). 


2.2. Landscape Genetics Approach 


Landscape genetics, that associates tsetse population genetics with spatial tools, 1s an 
innovative and emerging approach that enables understanding how geographic and 
environmental features structure genetic variation at the population and individual 
scales (Feldmann and Ready 2014). Genetic markers with varying temporal or spatial 
resolution can be used to implement landscape genetics, depending on ecological 
questions (De Meeùs et al. 2007). This approach can not only be used for improving 
ecological knowledge, but also for explaining observed spatial genetic patterns as 
clines, isolation by distance, genetic boundaries to gene flow, metapopulations and 
random patterns (Manel et al. 2003), in order to manage properly the genetic diversity. 

Various approaches have been used to quantify the spatial structure relying on 
landscape ecology. However, most involve the incorporation of the notion of 
landscape resistance or friction (i.e. the impediments to gene flow) caused by 
landscape features. The most common approach employed involves measuring the 
"cost" distance between populations sampled based on one or more alternative 
landscape resistance models (Manel et al. 2003). 

Informing on the resistance of landscape to movement is essential to refine species 
distribution models. The geographic distribution of a given species can be seen as the 
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intersection between biotic (B), abiotic (A) and movement (M) factors in a BAM 
diagram (Soberón and Peterson 2005). However, most species distribution models 
neglect the latter (Barve et al. 2011), often because they are based on 
presence/absence data and rarely include genetic data. It is however essential to 
account for movement, as a given landscape can be suitable for a given species, but 
not inhabited because it is out of reach for this species. Moreover, friction should not 
be mapped based on expert knowledge, as this is very subjective and therefore 
essentially unpredictable. 

Tsetse studies have demonstrated that the environmental parameters driving 
landscape suitability are totally different from those driving landscape friction 
(Bouyer et al. 2015). This can be described as the “salamander paradox", i.e. if a forest 
salamander finds itself at 100 m from the edge ofa forest, in an area where the ground 
is bare and very inhospitable to its survival, it will either die quickly or move as fast 
as possible to the forest. Conversely, if the salamander finds itself in the forest, it will 
be in a location with all suitable conditions and it will not disperse much. Therefore, 
the friction of the forest will be higher than that of the bare ground, which seems 
counter-intuitive (Peterman et al. 2014). 

Insect pest populations can be structured at micro-geographic scales, which must 
be accounted for to optimize control. For example, the inclusion of population 
genetics data in control programmes against tsetse populations of the palpalis group 
in West Africa provided information on the level of genetic isolation of the target 
populations from the neighbouring ones, which allowed informed decisions for 
developing control strategies. However, for population genetic tools to provide 
accurate inferences, individuals must be sampled at the smallest scale possible and 
the molecular markers carefully selected (Solano et al. 2010a). 


3. APPLICATION OF DISTRIBUTION MODELS AND LANDSCAPE 
GENETICS FOR TSETSE CONTROL 


3.1. Mapping Landscape to Identify Isolated Tsetse Populations 


Understanding how geographic and environmental features structure genetic variation 
of tsetse populations is essential for the development of intervention strategies of these 
cyclical vectors of HAT and AAT in sub-Saharan Africa. Evidence of restricted or 
absence of gene flow allows genetically isolated islands to be identified (Solano et al. 
2009), or isolated ecological population islands (Solano et al. 2010b), from where the 
tsetse populations present could be eradicated without risk of reinvasion. 

For example, two environment-friendly tsetse eradication campaigns achieved the 
creation of a sustainable tsetse-free zone, i.e. (1) on the Island of Unguja, Zanzibar 
where an AW-IPM strategy was used to sustainably remove an isolated population of 
Glossina austeni Newstead using the integration of insecticide-impregnated screens, 
insecticide pour-on on livestock and the SIT (Vreysen et al. 2000), and (2) in the 
Okavango Delta of Botswana, where an isolated population of Glossina morsitans 
centralis (Machado) was sustainably removed using the SAT in combination with 
traps and targets in the barrier zones (Vreysen et al. 2000; Kgori et al. 2006). 
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Recently, landscape genetics has established itself as an important area of 
research/investigation in the field of tsetse fly control (Bouyer et al. 2015; Bouyer and 
Lancelot 2018; Saarman et al. 2018). This has allowed the identification of potentially 
isolated tsetse populations, which offers the opportunity of: 

1) selecting the most appropriate intervention strategies for stage 1 of the 
progressive control pathway (PCP) for AAT (Diall et al. 2017), a stepwise approach 
leading to their reduction, elimination and finally, vector eradication, 

2) planning an integrated management approach (stage 2 of the PCP), and 

3) the choice of suppression and elimination activities (stages 3 and 4 of the PCP). 

Bouyer et al. (2015) developed a friction map between 37 populations of Glossina 
palpalis gambiensis (Robineau-Desvoidy) in different areas of West Africa by 
iterating linear regression models of genetic distance between the populations and 
environmental data as predictors and by determining least-cost dispersal paths. The 
effect of environmental factors on genetic distance was studied using a linear 
regression model to estimate the relationship between genetic distance and a set of 
environmental factors. The main variables influencing genetic distance were: 

1) the geographic distance, 

2) being located within the same river basin or not, and 

3) three metrics of habitat fragmentation, namely the patch density, the surface of 
suitable area, and the maximum distance between the habitat patches (Bouyer et al. 
2015). 

A density-based clustering algorithm, applied to the Maxent open-source software 
output (Phillips et al. 2019), identified eight potentially isolated clusters of suitable 
habitats containing tsetse populations that were located at least 10 km away from the 
main tsetse belt (Fig. 1) (Bouyer et al. 2015). This is essential for selecting potential 
target areas that contain isolated tsetse fly populations that could potentially be 
eradicated in a sustainable way. 

Moreover, the population with the highest predicted genetic distance from the 
main tsetse belt (P = 0.003) was located in the Niayes area of Senegal and is the target 
of an ongoing eradication campaign (Vreysen et al., this volume). 

In line with. Bouyer et al. (2015)'s approach for identifying isolated tsetse 
populations, Saarman et al. (2018) developed methods to create a connectivity surface 
to identify isolated habitat areas reflecting the genetic and ecological connectivity at 
a spatial scale of interest. By integrating genetic data from 38 samples, remotely 
sensed environmental data, and hundreds of field-survey observations from northern 
Uganda, the approach of Saarman et al. allowed the identification of isolated habitat 
of Glossina fuscipes fuscipes Newstead. To identify isolated habitats, the 
methodological framework (1) first identifies environmental parameters in correlation 
with genetic differentiation, (2) predicts spatial connectivity using field-survey 
observations and the most predictive important environmental parameter(s), and 
(3) overlays the connectivity surface onto a habitat suitability map (Saarman et al. 
2018). 
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Figure 1. Identification of 8 isolated populations of Glossina palpalis gambiensis in West 
Africa. The main tsetse belt predicted by Maxent! for a sensitivity of 0.90 is in grey and 
habitat patches are shown as filled, red shapes. Contours and shapes of isolated patches were 
defined as 5-km radius buffers around pixels of habitat patches. The genetic distance of these 
patches to the main tsetse belt (reddish scale) was predicted by the AICc-best regression 
model along least-cost paths. Star symbols afier cluster numbers represent the p values for 
the friction between the patches and the general habitat: (***) p = 10—3, (**) 10-3 <p < 
10-2, (*) 10-2 <p < 5 10-2 (modified from Bouyer et al. 2015). 

'The open-source Maxent software is based on the maximum-entropy approach for modelling 
species niches and distributions (Phillips et al. 2019). 


The results from this approach indicate that net photosynthesis is the most 
powerful predictor of genetic differentiation for G. f. fuscipes in northern Uganda. Of 
the 40 distinct landscape patches of adequate size and distance (purple outlines in Fig. 
2a), the resulting connectivity area identified a large, well-connected habitat area in 
north-western Uganda, as well as 24 plots that contained habitat that was for > 25% 
considered suitable for G. f. fuscipes according to the model (purple outlines in Fig. 
2b). These 24 isolated plots were selected as possible candidates to locally create 
tsetse-free zones and / or testing of new control methods or approaches. 

Landscape genetics may also be used to locate areas of high friction where barriers 
to tsetse dispersal such as insecticide targets or traps are more likely to isolate the 
target areas. 


3.2. Tsetse Distribution Models to Optimize Vector Control 


Tsetse distribution models are not only used to map the risk of AAT (Dicko et al. 
2015) but are also very useful to optimize tsetse control operations. These models are 
very useful for selecting priority intervention areas and guiding the management of 
the vector control operations during all stages of the PCP for addressing AAT (Diall 
et al. 2017). For example, these models were applied in pilot studies of tsetse control 
targeting one riverine tsetse species, G. palpalis gambiensis in the Niayes area in 
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Senegal (Dicko et al. 2014), and two savannah species, G. morsitans morsitans 
Westwood and G. pallidipes Austin in the Masoka area, mid-Zambezi valley in 
Zimbabwe (Chikowere et al. 2017). 


305 310 315 320 325 330 33.5 
Longitude 


Suitability 


305 310 315 320 325 330 335 
Longitude 


Figure 2a (top). Location of discrete isolated patches in purple and identification of 24 
isolated patches of Glossina fuscipes fuscipes in northern Uganda. A Maxent model was used 
to produce a connectivity surface, using the environmental variables significantly correlated 

with genetic differentiation from the previous step and field-survey presence data from 317 
traps from northern Uganda. 

Figure 2b (bottom). Habitat suitable for Glossina fuscipes fuscipes predicted by updating 
the habitat suitability map obtained with 317 presence data and 12 environmental variables 
relevant to tsetse ecology by Maxent model. Twenty-four isolated patches identified by the 
model (purple polygons), the three transects (black lines) used for the field survey, and the 
location of the tsetse sample from one of the isolated patches used to validate the method 
(modified from Saarman et al. 2018). 
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Using a regularized logistic regression and Maxent, Dicko et al. (2014) compared 
the probability of presence of G. palpalis gambiensis and habitat suitability, 
respectively. The nature of predictions differed between regularized logistic 
regression (probability and Maxent (index). The result provided a better 
understanding of the relationship between tsetse presence and various environmental 
parameters as measured by RS. Maxent predicted very well suitable areas considered 
the most important for an eradication objective, based on an expert-based landscape 
classification, as some suitable patches can be unoccupied at a certain time and 
colonized later (Peck 2012), but must nevertheless be included in the target area when 
applying an AW-IPM strategy (Cecilia et al. 2019). 


Figure 3. Optimization of the integrated control strategy using model predictions. Maxent 
model was used to predict the suitable habitats for Glossina palpalis gambiensis in Senegal. 
In block 1, the suitable habitats allowed to delimitate two polygons for aerial releases (RL1 
and RL2) where the number of sterile males released per km? was adapted to the availability 
of suitable habitat based on Maxent predictions. In block 1, the green and grey lines present 
the track flying records of aerial releases on 14th April 2014 in RL1 and 11th April 2014 in 

RL2 respectively. In block 2, 1,347 insecticide-impregnated traps were deployed from 
December 2012 to February 2013 in the predicted suitable sites (blue diamonds) to suppress 
the Glossina palpalis gambiensis populations (modified from Dicko et al. 2014). 


Maxent predictions were used throughout the eradication campaign in the Niayes 
area of Senegal to make the entire operation more efficient in terms of deployment of 
insecticide-treated targets, release density of sterile males, and the selection of sites 
to deploy the monitoring traps used for programme evaluation (Fig. 3). Thereby, 
Maxent predictions allowed optimizing efficiency and reducing the cost of the 
eradication campaign. 
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4. CONCLUSIONS 


Species distribution modelling and landscape genetics are crucial for planning and 
optimizing tsetse fly control programmes, especially when sustainable eradication is 
the selected strategy. Potentially isolated clusters of tsetse fly habitats were identified 
based on species distribution models and ranked according to their predicted genetic 
distance to the main tsetse population to locate potential target populations for 
eradication. 

Integrating distribution models and genetic studies in feasibility studies for control 
operations may also be useful to apply the PCP for controlling AAT, a stepwise 
approach leading to the suppression, elimination and eradication of vector populations 
and disease (Diall et al. 2017). Furthermore, distribution models can help improve the 
efficiency of control activities, leading to a reduction in costs. Finally, these 
distribution modelling and landscape genetics approaches should be integrated in the 
future, not only into tsetse control efforts, but might also help in the area-wide 
management of other pests as well. 
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SUMMARY 


Areas of the world that do not have established populations of the Mediterranean fruit fly Ceratitis capitata 
(Wiedemann) and other invasive pestivorous Tephritidae are sometimes subject to incursions due to 
increasing travel and trade. When these occur, control programmes are put in place often including 
quarantine and additional measures until eradication ofthe outbreak is declared. A critical practical question 
that arises is how long to maintain the eradication programme and associated area-wide measures after the 
last sampling of the invading Mediterranean fruit fly. Current practice is usually to maintain measures and 
increased monitoring until enough time has passed for three generations of flies without another fly catch; 
generation times are calculated via thermal unit accumulation (“Degree Day”). A recent alternative or 
complementary approach is to model the invading population using an Agent-Based Simulation (ABS). 
This chapter outlines the use of MEDiterranean fruit Fly Outbreak and Eradication Simulation (MED- 
FOES), an ABS implementation aimed at modelling invading Mediterranean fruit fly populations to 
determine effective duration of quarantine and other eradication measures following the last detection of 
an incursion. Basic concepts are described, together with a description of major functions and use of 
thousands of individual simulations to encompass the range of demographic possibilities. Finally, specific 
examples from Santiago, Chile and California, USA are offered to show how the ABS can provide useful 
information for programme managers setting eradication programme durations. 


Key Words: Invasion biology, incursions, outbreaks, quarantine, eradication, Tephritidae, Ceratitis 
capitata, medfly, monitoring, detections, California, Chile, degree-days, model, modelling, individual- 
based simulations, multi-agent simulations, MED-FOES 
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1l. INTRODUCTION 


Incursions of the polyphagous pest Mediterranean fruit fly Ceratitis capitata 
(Wiedemann) occur in urban and agricultural areas around the world. The Global 
Eradication and Response Database (GERDA), although not a complete compilation 
of all invasions and eradication efforts, currently lists 117 Mediterranean fruit fly 
incursions and eradication programmes in a wide variety of geographic areas, from 
the USA to Australia, Chile, Mexico, and New Zealand among others. Responding to 
each ofthese outbreaks costs an average of USD 12 million (normalized to 2012 USD) 
(Kean et al. 2012; Suckling et al. 2016). While this cost is small compared with the 
estimated damage from a Mediterranean fruit fly establishment in many of these areas 
(USD 1500 million in the US state of California alone [Siebert and Cooper 1995]), it 
is still important to optimize responses to incursions. This is because mounting and 
maintaining an effective response and quarantine is a significant burden and 
organizational challenge for state and private organizations. 

Quarantine measures are often put into place following the detection of an 
incursion of an invasive pest (FAO 2016a). In the case of Mediterranean fruit fly, 
quarantine measures involve designating an area around the find where fresh fruits 
are restricted from leaving. If the area includes commercial host fruit production, then 
the quarantine measures can result in serious economic losses. Therefore, the period 
to maintain the quarantine and associated measures against the invading 
Mediterranean fruit fly population becomes a critical practical question. 

Current practice in many parts of the world is based on ISPM 26 (FAO 2016b), 
such as the protocol used by the California Department of Food and Agriculture 
(CDFA), whereby the quarantine is suspended when three full generations of the fly 
have passed without another find; generation times are calculated via thermal unit 
accumulation (California Code of Regulations 2017). The thermal accumulation 
development models most often used simply posit that development from egg to adult 
requires accumulation of a specific amount of heat above a base threshold, measured 
in units of degree-days (Roltsch et al. 1999). Various calculation methods exist, but 
all approximate the integral of temperature over time for temperatures above a given 
base temperature. The simplicity of degree-days calculations is attractive, and thermal 
accumulation models are widely used with impressive accuracy for predicting 
developmental timing in many agricultural contexts. However, it may not be entirely 
appropriate for Mediterranean fruit fly eradication and quarantine duration 
determination. “Degree-days” is a development model, not a population or eradication 
model. Moreover, the requirement for three generations of degree-days to pass is 
difficult to justify theoretically. 

An alternative approach to estimating eradication programme length or duration 
since the last detection is to use an Agent-Based Simulation (ABS; also called 
“Individual-Based” or *Multi-Agent") to simulate the arrival of C. capitata in a new 
area as an insect invasion (Manoukis and Hoffman 2014). In an ABS, individual flies 
are described as unique and autonomous, and where they usually interact with each 
other and their environment at a local level (Railsback and Grimm 2012). An 
important characteristic is that individual members of the simulation (“agents”) are 
represented independently in computer memory via the simulation software, and these 
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have behaviours (functions) and characteristics (parameters) that may make them 
unique. The behaviours and characteristics of the entire system are not explicitly 
coded by the programme rather they emerge from the interactions and behaviours of 
the system's constituent agents. 

The ABS approach has not received a lot of attention for studies on insect 
invasions (Crespo-Pérez et al. 2011; although see Vinatier et al. 2011 for an example 
of an ABS of an agricultural pest), but it has been more widely used to address 
questions on physiological ecology, foraging networks, ant nest choice, and disease 
vector dynamics among others (Jackson et al. 2004; Pratt et al. 2005; Almeida et al. 
2010; Radchuk et al. 2013). 

This chapter is concerned with the concepts, implementation and use of an ABS 
entitled MED-FOES (MED-Fly Outbreak and Eradication Simulation; MED-FOES 
2019), that was designed to simulate the invasion, programmatic response to an 
outbreak, and extirpation of a population of Mediterranean fruit fly in a pest free area 
(Barclay et al. 2021). The original goal of the ABS and its implementation is to 
provide an estimate of eradication programme duration that is roughly independent of 
the values determined by thermal unit accumulation. 

In an area-wide context, which means addressing a total pest population within a 
defined area and not a localised field-by-field approach (Hendrichs et al. 2007), 
modelling eradication programme lengths is important for several reasons: 

First, programmes against Tephritidae tend to encompass large areas, and many 
of the measures taken following a Mediterranean fruit fly incursion are likewise 
applied over these same vast areas, such as intense surveillance, restriction of fruit 
movement and in most cases SIT application. These approaches are not effective in 
an uncoordinated property-by-property setting. 

Second, there are area-wide programme costs to be considered; these can grow to 
be large if excessively long programmes are implemented, in particular if quarantines 
and commercial production areas are involved. 

Third, eradication efforts are often directly connected to area-wide programmes 
(Smith 1998; Myers et al. 2000). If eradication programme lengths against 
Mediterranean fruit fly are too short, there 1s potential for survival of remnants of the 
invading population, which would require a new eradication campaign or in a worst 
case scenario, result in the establishment of the pest species in a free area (Carey 1991; 
Papadopoulos et al. 2013; McInnis et al. 2017; Shelly et al. 2017). 

MED-FOES is based on a modelling framework that simulates the process of 
Mediterranean fruit fly population extirpation/eradication (Manoukis and Hoffman 
2014). A description of the important functions included in the simulation is given in 
Section 2, with minimal mathematical background. The use of thousands of 
simulations to understand the range of possible outcomes following an outbreak is the 
focus of Section 3. In Section 4, two examples of historical incursions are analysed to 
illustrate the use of MED-FOES for determining eradication programme length. 
Finally, Section 5, includes broad conclusions and some suggestions for future work. 
The actual installation and mechanics of using the software are not covered here; the 
reader is referred to the software manual for these details (MED-FOES 2019). 
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2. CONCEPTS AND IMPLEMENTATION 
2.1. Simulation Description 


Mediterranean fruit fly agents in the simulation can be created, and they develop, 
reproduce and die. The major challenge is to have the agents behave in a biologically 
realistic manner so that the results of thousands of executions of the simulation can 
be usefully related to flies in the real world. 


Figure 1 gives a graphical representation of the developmental stages and states fly 
agents in MED-FOES can occupy as well as their connections. During each hour of 
the simulation, flies may move from one developmental stage to another, or not. They 
also may go from being alive to being non-reproductive (mated with a sterile male) 
or dead, when they are removed from the simulation and no longer considered. 


mature adult, 
non-reproductive 


immature | ` 
adult 


die (human induced) 


Figure 1. Graphical representation of the developmental stages and states of Mediterranean 
fruit fly agents in MED-FOES. Arrows indicate changes in stage or state per time step 
(adapted from Manoukis and Hoffman 2014). 


2.2. Initialization 

The simulation is initialized based on an estimated number of potential remnant adult 
female flies in the area of an incursion that has been subject to area-wide application 
of eradication measures. Given this number, the estimated number of female flies in 
all other stages is determined based on the expected stable age distribution for the 
Mediterranean fruit fly from the literature (Carey 1982; Vargas et al. 1997). These 
flies are then iterated through hourly time steps; for each time step, they may develop, 
reproduce, die of natural causes or die of human-induced causes. 

The current version of MED-FOES includes a simple model of the initial stages 
of the simulation. There is a time between when a detection that exceed the threshold 
needed to trigger a response during which full counter-measures are not in place. In 
general, the number of flies detected until the point of declaration is used to estimate 
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the initial population size range. During the short period between detection exceeding 
threshold and counter-measure implementation (2-5 days in many jurisdictions), the 
population of agents can grow, and no human-induced mortality is considered. At the 
time R (in days) counter-measures initiate and the population begins its demographic 
trajectory to eradication. This representation of the early stages 1s unrealistic, as in 
real incursions detections may occur asynchronously, trapping densities may be 
changed in response, and individual counter-measures are applied at different times. 
However, the simulations are generally not highly sensitive to the length of R or initial 
population size (Manoukis and Hoffman 2014). Future versions of MED-FOES are 
planned to have the ability to include more realistic initial stages and the ability to 
model time varying interventions. 


2.3. Hourly Temperatures 

The only time-dependent input to the ABS is an hourly air temperature time series. 
Ideally these data should be acquired from a long-term weather station in close 
proximity to the outbreak being simulated. Data from airports archived in the 
Integrated Surface Data repository of the National Oceanic and Atmospheric 
Administration (NOAA) are often appropriate and methods for processing them have 
been published (Collier and Manoukis 2017). 

Care should be taken to ensure that the temperature data are accurate as the ABS 
(as well as simpler thermal accumulation models) can be sensitive to biases and errors 
in the data. For example, a sensor improperly shielded from the sun would tend to 
report slightly higher temperatures, and the cumulative nature of a thermal 
accumulation development model would amplify the effect over time. Similarly, 
spurious very high or very low values produced by sensor errors could lead to 
erroneous high mortality events in the ABS. Actual temperature data often contain 
gaps, errors, and a non-uniform sampling rate, and therefore require some 'cleaning? 
before they can be used. 

A cleaning process typically starts with the detection and removal of erroneous 
outlier values. A large variety of methods exist for outlier removal, but a simple 
method which works well for temperature time series data is computing the running 
standard deviation (c) over a window spanning several days, computing the running 
median (m) over a several hour window, and rejecting individual temperature values 
(£) for which the absolute value of (t+ m)/c exceeds a predefined threshold. 

The next step of cleaning is the identification and filling of gaps in the data. 
Because of the daily cycle of temperature data, it is appropriate to use different 
methods to fill small (less than a few hours) and large gaps (a few hours to several 
days). Small gaps may be filled by simple interpolation, which can also serve to 
simultaneously resample the data to a true hourly frequency. Large gaps, however, 
are more appropriately filled by interpolating across observations from the same time 
of day across days. Gaps larger than several days would likely require special 
treatment dependent on the particulars of the location and season. If actual hourly 
temperature data are not available, then an approximation may be inferred from daily 
minimum and maximum temperatures using established methods such as the one 
implemented in the “TemperatureEstimator.java programme" distributed with MED- 
FOES (Reicosky et al. 1989; Campbell and Norman 1997). 
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2.4. Development 

The single factor that determines the probability of stage transition or ovarian 
maturation (development) for flies in the simulation is temperature. The simulation 
requires a base developmental temperature Tmin and time-to-transition K for each of 
the following transitions: egg to larva, larva to pupa, pupa to adult and adult to mature 
adult. 

Several reports in the literature give the mean time to transition (d) for these stages 
as affected by a range of constant fixed temperatures (7). The common practice is to 
regress the developmental rate (= 1/d) against fixed temperatures, which gives a clear 
linear relationship for temperatures between about 16 and 30 °C. The linear regression 
model would then be 


= + bT 

j^^ 
where a is the intercept and b the slope. The parameters required by the simulation 
are then calculated as follows: 


Tmin = — b 
and 


There are two methods available for calculating the probability of stage transition. 
The simplest is a “uniform” model, where the probability of transition at any given 
hour is determined only by the temperature during that hour. For each hour, a random 
number between zero and one is drawn from a uniform distribution for each insect 
that is not a mature adult. If this number is lower than the developmental rate for that 
temperature, then a stage transition occurs. The average time for a transition at a given 
temperature is thus equal to 1/d. 

Note that the “uniform” method described above does not take into account the 
time each insect has spent in a given stage. Therefore, it is possible (though unlikely 
for most parameter combinations and realistic temperatures) that an agent could go 
from being an egg to an adult in a few hours. A more realistic developmental model 
is the “thermal summation" approach (Fletcher 1989), where each degree above Tmin 
for each hour counts towards a required threshold C for stage transition. Variation is 
included for each individual fly agent when it is created in the form of a variable y, 
which is the standard deviation of the variation in development time as a proportion 
of the development time for each stage. Thus, when 


l 
Cy «9 Ti- Tmn 


t=0 


from the time of insect creation (0) to the current time i, stage transition occurs. Note 
that the value of C is stage-specific, and y constant across stages. 
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2.5. Mortality 

There are two ways that death is implemented in the simulation. The simplest 
approach is to set a fixed stage-specific daily death rate, denoted as M,. Each hour of 
the simulation, for each insect at stage x, a random double precision floating point 
number between 0 and 1 is drawn and if it is lower than M,!?*, then the insect dies. 
This method is completely temperature-independent and is a useful approximation 
when the effect of temperature on mortality is unknown. 

In the case of the Mediterranean fruit fly reliable data are available on the effect 
of temperature on daily mortality rates. MED-FOES uses the stage-specific quadratic 
relationships from Gutierrez and Ponti (2011) for this relationship. When this mode it 
used, the run-specific parameters M; are the death rate at the optimum temperature 
(20—25 °C) rather than the average mortality per unit time. 

Additional mortality on adults is introduced at a given number of days after the 
simulation starts. The probability of human-induced death is fixed per simulation and 
the same for mature and immature adults; it represents human-induced mortality as a 
result of counter measures. Human induced mortality is currently limited to the adult 
stage, though some control measures, such as fruit stripping, may affect immature 
flies. After human intervention, it is optionally possible to simulate the effect of 
trapping separate from mortality induced by other countermeasures. This is discussed 
in the next Section. 


2.6. Trapping 

Spatially explicit consideration of the effect of trapping on agent mortality is possible 
as of MED-FOES version 0.6, using the approach of Manoukis et al. (2014) as 
implemented in the software “TrapGrid” (Manoukis et al. 2014). For parameters 
relevant to the Mediterranean fruit fly, see Manoukis et al. (2015). A brief description 
of the trapping model is given here. 

TrapGrid is an implementation of a landscape-level, spatially explicit model of 
trap networks that incorporates variable attractiveness of traps and a movement model 
for dispersion. TrapGrid simulates susceptible insect capture by placing traps in a 
rectangular area. Each trap has a parameter indicating its attractiveness (A). Using this 
value, the escape probability for a given insect at a given distance from the trap can 
be calculated. The calculation of escape probability can be conducted for many points 
in the trapping grid, yielding an instantaneous estimate of the escape probability. Note 
that probability of capture is simply 1- (probability of escape]. 

We calculate the distance to a given trap as: 


d= y(x; =x)? + (y), 
where (x, y,) is the position of the trap and (x, y) is the position of the fly. For d 
>= 0, we use an exponential decay with a logistic (H(d)) to model the probability of 
being captured: 
p = f (d,à) = Ae ^* H (d) 
where 


HUS 1 + e7244 
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These can be combined, producing the hyperbolic secant: 
2d 


2e 
f(A) = La 


Fig. 2 shows how the probability of capture changes with distance from the trap 
given Å. Each trap in a TrapGrid model represents the spatial relationship between 
distance from a lure-baited trap and probability of capture in the very near future. The 
parameter 4 is the attractiveness of the trap, with smaller values representing a more 
attractive trap. 

One important feature of the capture model used is that, for a given value of A, 1/2 
is the distance at which there is a 65% chance of capturing a susceptible insect. This 
allows easy comparison of trap attraction between species and lures. Movement in 
TrapGrid as used by MED-FOES is simple diffusion (Skellam 1951; Kareiva 1983), 
through which the probability of capture over time (p;) is calculated. 
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Figure 2. Capture probability for an individual insect versus distance from a trap, where 
attraction (1/2) = 10 (solid), 30 (dashed) and 50 (dotted) meters. 1/2 represents the distance 
at which there is a 0.65 probability of capture (adapted from Manoukis et al. 2014). 


In order to make an estimate of p;, consider the net movement of a fly over the 
time period in question (usually a day), represented by the parameter D in diffusion 
models. Estimates of D from the literature are around 1 x 10* m?/day (Corbett and 
Plant 1993). We can use the net movement per day to model the proportion of the 
arena space that an individual Mediterranean fruit fly might “experience” per day. 

The diffusion in two dimensions is well studied, and has the following form: 


dN(x,y,t) | SN. EN 
dt |  |dx? dy? 
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where N is the population density, ¢ is time, x, y are spatial coordinates and D is the 
diffusion coefficient. This process produces a bivariate normal distribution of density 
over time, the probability density function (pdf) of which is the basis of our model of 
the fly population and its spread over time: 


(m) 
e 2? o? 


g(x,y) = 2102 


Here, c is the standard deviation, assuming that 
u = 0, ox = oy = o and that cor(x, y) = 0. 


Further description is beyond the scope of this document, but it is important to note 
that the diffusion parameter D in m? per day is the single factor that determines how 
quickly the simulated flies in TrapGrid will spread. 

MED-FOES can run a set of TrapGrid simulations before creating agents. This set 
of spatial simulations is used to determine the average daily probability of death from 
trapping given a trapping network following a detection, and then this mortality is 
scaled to hourly time steps and applied. 


2.7. Reproduction 

Every mature reproductive Mediterranean fruit fly will oviposit eggs every 24 hours 
prior to intervention time fs. In this sense, the simulation only includes females. The 
mean number of eggs and variance in reproductive output are set by the variables r 
and ry. After human intervention, reproduction may be curtailed at a set daily rate, 
which is denoted r,ea. This variable is included based on modelling of the Sterile Insect 
Technique (SIT) and its effects on host populations (Knipling 1979). 

In the ABS, each mature adult fly that exists at ts is subject to loss of reproductive 
ability each day with probability r,ea. In the case studies below, flies emerging after ts 
are assumed to not be able to reproduce. Mating is currently not required for 
reproduction, so the difficulty in finding a mate that comes with small population sizes 
is not modelled. In addition, the Allee effect, where there is reduced mean individual 
fitness in small populations, is also not considered. 


3. ANALYSING AN OUTBREAK: MULTIPLE SIMULATIONS 


Until this point, we have focused on a single simulation and how biological and 
population processes are represented. Individual simulations can vary from one to the 
next, even if the same parameters are used, due to stochasticity (random events) built 
into the model. However, in order to obtain useful and actionable information on a 
real-world incursion, a single set of parameters is insufficient because there is 
uncertainty on the values of critical parameters. Thus, it is necessary to execute a set 
of simulations, varying parameters between runs, in order to obtain the range of 
possible outcomes following an incursion. MED-FOES has this functionality built-in 
via a separate executable programme called “med-foes-p.jar” (MED-FOES 2019). 
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3.1. Exploring the Parameter Space 


MED-FOES includes a large number of parameters that may be set over a range, 
including aspects of mortality, development, reproduction, and control measures. 
Even if a fixed number of discrete levels over all these ranges were selected, a full 
factorial experiment would be computationally prohibitive. 

Latin Hypercube Sampling (LHS) is used to select parameter sets through the 
parameter hyperspace (Blower and Dowlatabadi 1994). The details of LHS are 
beyond the scope of this document, save that it ensures an even distribution of the 
combinations of parameters used for individual runs. 

The number of simulations executed can be set by the user. A number in the 
thousands will usually provide sufficient resolution on the range of possible 
outcomes. 


3.2. Summarizing Output 


MED-FOES produces a summary output file that is named MED- 
FOESp ítimestamp) summary.txt, where {timestamp} is the date and time the 
programme was run to avoid inadvertently overwriting previous output. This file 
contains the parameters used as well as results, including the mean, standard 
deviation, and 25, 50, 95, and 99% quantiles of the length of runs (individual 
simulations). Since runs nominally start close to the time of last detection and 
terminate upon eradication of the simulated population, these run length statistics 
summarize time to eradication across the various parameter sets tested. 

Additionally, the mean and standard deviation of number of flies at the end of the 
simulations are reported and can be used to detect situations where some runs ended 
without reaching eradication due to an insufficient amount of input temperature data 
or exceeding the maximum number of flies allowed. Summary figures are produced 
that give a quick visual summary of the outcomes of the set of simulations (Fig. 3). 

A MED-FOESp ítimestamp) details.txt file is also produced. This is a tab- 
delimitated table reporting for each run the length of the run in simulated hours, the 
end condition (eradication, out of temperature data, or maximum flies exceeded), and 
total number of flies at the end. From this file, arbitrary statistics for the time to 
eradication can be produced. 

Finally, for each individual run a summary and details file is produced under the 
runs" directory. The summary file gives the specific parameters used for that 
particular simulation, in contrast to the MED-FOESp summary file, which gives the 
ranges sampled by the LHS procedure. It also gives summary results: number of hours 
simulated, number of flies at the end of the simulation, cumulative number of eggs, 
and cumulative number of deaths. 

The details file is a comma-delimited file with a row for each day of the simulation 
containing: time, mean temperature, minimum temperature, maximum temperature, 
cumulative death, cumulative birth, the number of flies in each life stage (egg, larvae, 
pupae, adult), and total number of flies. The collection of runs details files can be used 
to produce a wide variety of detailed outputs, such as Figs. 4 and 5 shown in the next 
Section. 


ec 
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Figure 3. Example of graphical output from MED-FOES showing 250 runs simulating an 
outbreak of Mediterranean fruit fly in California. Upper panel: Empirical cumulative 
frequency distribution of the number of simulations showing extirpation over time. Bottom 
panel: Histogram of the number of surviving agents at the end of the 250 simulations. This 
simple summary graphic can be used in internal reports without the need of post-simulation 
data manipulation. 
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4. PRACTICAL EXAMPLES 
4.1. Santiago, Chile 


Chile is internationally recognized to be free of tephritids of economic importance, 
including species in economically important genera Anastrepha, Bactrocera, and 
Ceratitis. This 1s facilitated by Chile's geographic isolation, stemming from the 
presence of the Pacific Ocean to the West and the Andes mountains in the East, as 
well as its excellent pest exclusion infrastructure. Despite this isolation, occasionally 
Mediterranean fruit fly outbreaks are detected in the country, usually via the network 
of about 14 000 traps. 

One such detection occurred in the neighbourhood of Independencia in Santiago, 
in 2011. The first fly was detected in a Jackson trap baited with trimedlure on 14 
October, and the response including quarantine, enhanced trapping, bait spray (GF- 
120) applications, soil treatment under host trees, and fruit stripping was put in place 
by 18 October. Another fly was sampled on 18 October in a McPhail trap about 800 
m from the first detection; thereafter, no further detections of adults were made. The 
response programme was concluded on 9 February 2012 after three generations (F3) 
of degree-day development as calculated by the Chilean Agricultural and Livestock 
Service (SAG) using the method of Tassan et al. (1983). This occurred 115 days after 
the first find. 

For the ABS analysis, conducted with version 0.6.2 of MED-FOES, critical 
parameters that had to be evaluated included: initial population size, reduction in 
fecundity over time, and hourly temperature data. Starting with the third of these, 
hourly temperature data were acquired from NOAA’s online ISD-Lite dataset derived 
from the Integrated Surface Database for the weather station at the nearby (approx. 
12 km from the outbreak neighbourhood) Comodoro Arturo Merino Benítez 
International Airport (SCEL). The air temperature data for one year starting on 18- 
10-2011 (day 0) were extracted and cleaned using the method described previously 
and saved to a comma separated format (csv) file for MED-FOES to use as input. 

The SAG programme did not include SIT for the 2011 outbreak. This might mean 
that the modeller decides not to include the parameter on fertility reduction per day 
“rred”). However, due to the intense fruit stripping (100% in a 400 m radius from 
each find) plus the soil drenches (not used in California currently), it was estimated 
that there was probably an effective reduction in the probability of reproduction over 
a wide range, 0.2-1.0. 

Finally, the initial population size was estimated based on the surveillance network 
in Chile at the time of the outbreak. This consisted of one trimedlure trap per 25 ha 
and one protein trap per 100 ha, comparable to the California values of one trimedlure 
and one protein trap per 52 ha. This gives a rough detection sensitivity of 2-3 % of 
the adult population (Manoukis and Hoffman 2014). Assuming a stable age 
distribution (from Table 3 in Carey 1982), gives estimated numbers in the other life 
stages. Though these figures are rough, they are probably sufficient since the model 
Is not very sensitive to initial numbers (Manoukis and Hoffman 2014). 
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The complete set of parameters used to generate the runs are given below: 


T SCEL 2011-10-18.csv | Hourly temperature data file 

Ni 66,100 Initial population size (range) 

Ad 29.8,49.7,15.6,1.8,3.1 Initial age distribution (from Carey 1982) 

R 4 Days before intervention is implemented 

S 0.05,0.15 Daily human-induced mortality (range) 

rred 2,1 Reduction of reproduction (range) 

Sai true Sterility after intervention 

TEL | 9.6,12.5,27.27,33.80 Transition parameters, egg to larva (range) 

TLP | 5.0,10.8,94.50,186.78 Transition parameters, larva to pupa (range) 

TPA  9.1,13.8,123.96,169.49 | Transition parameters, pupae to adult (range) 

TIM  7.9,9.9,58.20,105.71 Transition parameters, adult to sexually mature 
(range) 

Me 0.0198,0.1211 Daily natural mortality of eggs (range) 

MI 0.0068,0.0946 Daily natural mortality of larvae (range) 

Mp 0.0016,0.0465 Daily natural mortality of pupae (range) 

Ma 0.0245,0.1340 Daily natural mortality of adults (range) 

tdm true Use temperature dependent mortality 

r 5,35 Eggs produced per reproduction event (range) 

rvar 3.57 Variance in eggs produced per event 

Dm 1 Development model; 0 = uniform, 1 = thermal 
summation 

TuSD | 0.05 Variation in thermal unit transition 

Tmax | 35 Maximum temperature for development 

o Run 2011-10-18 Output directory for results 

nR 2500 Total number of simulations to run 

nT 20 Number of threads to employ 

Mx 500000 Maximum number of flies allowed 

seed 4354885 Random number seed 

q true Suppress progress output to terminal 

pr false Produce only LHS parameters 

plot false Generate summary plots 


The parameters above when executed on a command line on a computer with a 


quad-core processor would be invoked roughly as follows (for more details please 
refer to the programme manual, distributed with MED-FOES): 


java -jar med-foes-p.jar -T temps SCEL 2011-10-18.csv -Ni 66,100 -R 4 


-S 0.05,0.15 -rred 0.2,1 -Sai true -TEL 9.6,12.5,27.27,33.8 -TPA 
9.1,13.8,123.96,169.49 -TIM 7.9,9.9,58.2,105.71 -TLP 
5.0,10.8,94.5,186.78 -Me  0.0198,0.1211 -Ma  0.0245,0.134 -Ml 


0.0068,0.0946 -Mp 0.0016,0.0465 -tdm true -r 5,35 -rvar 3.57 -Dm 1 - 
TuSD 0.05 -Tmax 35 -nR 2500 -nT 4 -Mx 500000 -seed 4354885 -q true - 
pr false -plot true -o Run 2011-10-18 
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The parameters and ranges above were used to execute 2500 runs. The number of 
living individual agents per day and mean trend from 100 of these simulations 
(reduced from 2500 for clarity) is shown in Fig. 4. 


total potentially reproductive 
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Figure 4. Total number of potentially reproductive female flies including all life stages for 
100 simulations, last fly was detected 18-10-2011 (day 0), Santiago, Chile. Mean trend is 
shown by the red line. The dashed vertical line shows the point at which 95% of the 
simulations show eradication (141 days). 


Fig. 4 shows some interesting characteristics, including parameter sets that seem 
to lead to increasing population sizes through a second and even third generation. This 
can be interpreted as a function of favourable temperatures for initial adult survival 
and reproduction, and for immatures to progress to adulthood from the initial 
population and from eggs laid before time R. Clearly a maximum population size of 
nearly 7000 individuals is a maximal (and unlikely) scenario, but it is indicated by a 
small number of the parameter sets simulated; the average time from declaration to 
eradication was 109 days. 

In terms of indicated duration of the quarantine and other control measures, 95% 
of the simulations showed eradication after 141 days, 18% longer than the F; degree- 
day calculation that led to the actual 115-day control and quarantine period. 

It is common for the ABS to predict longer durations than simple thermal 
accumulation models for outbreaks persisting through the summer in temperate areas. 
Since the ABS incorporates other factors which may mitigate the rapid generational 
turnover shown by thermal accumulation in hot weather, or the near halt in 
development seen in cold weather such as illustrated by the next example, it will often 
show less extreme seasonal swings than simple degree-day models (Collier and 
Manoukis 2017). 
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4.2. Perris, California USA 


California has been the site of multiple C. capitata detections and outbreaks over the 
last four decades or so, leading some to propose that the species and other Tephritidae 
are established there (Carey 1991; Papadopoulos et al. 2013). However, this theory 
has not been accepted by most phytosanitary experts, internal and external California 
trading partners, or customers of horticultural commodities (McInnis et al. 2017; 
Shelly et al. 2017). As in Chile, California maintains a large (790 000) trapping 
network for detecting Mediterranean fruit fly incursions. Additionally, since 1996 
California has been conducting a preventive sterile male release programme over the 
high-risk Los Angeles Basin, where most of incursions of this pest are detected. 

In December of 2014, Mediterranean fruit fly was detected in the city of Perris, 
that is located in Riverside County east of Los Angeles. The city is about 27 km 
outside the zone the preventive release programme covers. The initial detection was 
a find of two unmated adult females on 10 December 2014 in McPhail traps, which 
was followed by eight other finds in the same residential area over the next few weeks, 
including a find of larvae on 14 December 2014. The final find occurred on 29 
December 2014. Mitochondrial genotyping indicated the AAAB mitotype consistent 
with a Central American source. 

Eradication efforts started quickly, within one day, and included fruit removal, 
spinosad foliar bait spraying, and inundative releases of approximately 1.5 million 
sterile male flies every three or four days. The total quarantine area established was 
215 km’, with the sterile male releases targeting a 33.4 km? core area. 

The weather station at March Air Reserve Bases (KRIV) is approximately 12 km 
from the find sites. This station has good data going back to the 1940s, available 
through NOAA's ISD archive, which allows not only modelling the 2014 outbreak, 
but also putting it in the context of how a similar outbreak would have progressed if 
it started on the same day of the year in previous years. Specifically, data from the 
ISD-lite data from 1950 through 2015 were cleaned as described earlier in this chapter 
and used to run MED-FOES simulations. 

MED-FOES v0.6.2 was run with the same parameters as the Santiago model, 
except for the initial population (Ni) of 25 to 133 adult females, a delay before the 
start of SIT releases (R) of 1 day, and the input temperature data. By day 151 after the 
last fly was detected, 9596 of the ABS simulations predicted eradication (Fig. 5). This 
is more than one month shorter than the quarantine and control period that was 
actually implemented of 189 days, or 187 days produced by recalculating the degree- 
day based three generation time (F3) using the same KRIV temperature data used for 
the ABS. 

In contrast to the ABS results for the 2011 Santiago outbreak, the 2014 Perris, 
simulations show no evidence of large population sizes after control measures were 
started. There is a very small increase in number of flies around day 80 for a few of 
the simulation parameter sets, but the overall character is rapid decline followed by a 
small population resisting final eradication for a relatively long time. Remembering 
that any eggs laid after time R (counter-measure start) are sterile, only agents that 
existed before that time could reproduce and account for population growth later in 
the simulations. Unfavourable environmental conditions for those individuals, leading 
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to their rapid and early mortality, would cause the difference observed in overall 
numbers between this case and the Santiago case presented above. 

The ABS results indicate eradication occurring significantly earlier than the 
simple thermal accumulation calculation (151 vs 187 days). This is a common finding 
for outbreaks covering cold periods in temperate climates, since cold temperatures in 
the degree-day model just slow development. In the ABS model, however, mortality 
occurs even with slow development and may even be increased due to particularly 
cold periods. 
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Figure 5. Total number of potentially reproductive female flies including all life stages for 
100 simulations, last fly was detected 29-12-2014 (day 0), Perris, California. Mean trend is 
shown by the red line. The dashed vertical line shows the point at which 95% of the 
simulations show eradication (151 days). 


In addition to simulating the particular outbreak, the ABS can be used to simulate 
what would happen if the same outbreak occurred at a different time. One application 
of this is to simulate the outbreak using temperate data from the same date in previous 
years for either historical context or to produce predictions for ongoing outbreaks. 
Fig. 6 shows both the time required for 95% of the ABS simulations to reach 
eradication and the degree-day thermal accumulation-based three generation time (F3) 
computed using temperature values from 1950 to 2014. The values for the actual 
outbreak year of 2014 (filled markers) show that the degree-day calculation is 
exceptionally short while the ABS is almost the median value of previous years. 


5. CONCLUSION 


In the context of an area-wide programme aimed at achieving zero pest prevalence, 
determining the duration of eradication programmes following incursions by invasive 
tephritid fruit flies 1s as critical as it 1s difficult. Critical because failure to eradicate 
invading fruit flies will lead to increased costs incurred under follow-up programmes 
once population sizes increase again or are established in a different area, to say 
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nothing of the costs of establishment in areas where they are not present (Siebert and 
Cooper 1995). In addition to these risks from control/quarantine periods that are too 
short, it is also important not to set overly long periods as these could be unnecessarily 
burdensome to producers and also lead to excessive programme costs and losses. The 
difficulty, however, lies in estimating the size of a possible remnant population of 
flies that contains so few detectable individuals (nominally adults responsive to the 
lure being used in the trapping array) that it is unlikely to catch any initially (Carey et 
al. 2017; McInnis et al. 2017). 
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Figure 6. Times required for 95% of the ABS simulations to reach eradication in comparison 
to the three generation times (F3) based on the degree-day thermal accumulation computed 
for hypothetical Perris, CA outbreaks staring on 29 December for the years 1950 through 
2014. The actual outbreak in 2014 is shown by filled markers. Degree-day based values are 

circles, and ABS based values are diamonds. Dashed lines are medians. 


Though the task is difficult, the established method of using simple thermal 
accumulation models to guide control activity durations and ending quarantines after 
the equivalent of three generations of degree-day development have elapsed without 
another find seems to work well in practice in many places around the world, 
including Chile and California as described here, though there are limits in more 
temperate areas (Collier and Manoukis 2017). 

Agent-Based Simulations, as modelled in MED-FOES, can be a useful 
complement for programme managers and state entities as they provide a semi- 
independent estimate of the duration that control and quarantine activities should 
continue after the detection of the last fly find. The software is relatively easy to use 
and with increasing computational power in multi-core desktop computers it is 
feasible to run a large number of simulations in a relatively short time. 
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It is important to stress also the drawbacks of using ABS methods in general. 
These include the need for range estimates of many constituent parameters. In the case 
of Mediterranean fruit fly over 100 years of research on development, reproduction 
and mortality of this species is helpful, but some details remain poorly resolved, 
especially under natural conditions. A second general problem with individual-based 
methods is that simulating combinations of parameters to exhaustively test the range 
of possible outcomes can be computationally expensive. Here, again, current 
computer systems are powerful enough to mitigate this issue, but this problem can 
increase as models become more complex. A final point here is that the stochastic 
nature of the simulation and variable output necessitates statistical methods to handle 
results, and the mechanisms that drive outcomes may not be immediately clear. 

One possible approach that integrates the current approach and the ABS would be 
to set the initial eradication programme duration following the last detection after an 
outbreak using the three-generation calculation on historical temperatures (already 
done in at least Florida and California USA, Gilbert et al. 2013), and then update with 
both degree-day calculations using measured hourly temperature data and with ABS 
simulations. The combination of both estimates will give improved insight to the 
outbreak dynamics, might suggest programmatic responses of effort modulation, and 
increase confidence in declarations of eradication. 

MED-FOES instantiates a relatively simple model and therefore has several 
notable weaknesses. Control measures are simulated as constant average effects 
instead of time-varying, while eradication programmes typically incorporate discrete 
high-intensity efforts such as fruit removal, which will have different impacts 
depending on the age structure of the population. Additionally, quarantines are held 
for a period of time (at least one degree-day generation for C. capitata in California) 
after the end of suppression efforts during which intensive trapping continues. Finally, 
incorporating information on host plant availability, when known, would likely have 
significant effects. However, a major strength of the ABS approach is that all of these 
factors and more could be incorporated into the model in a straight-forward manner 
given the relevant input data. 

Future developments for MED-FOES aimed at facilitating declaration. of 
eradication after outbreaks include improved reporting incorporating analysis of 
historical temperature profiles. The analysis of temperatures in past years will be 
helpful for tracking anomalously long or short quarantine/control periods after the last 
detection, again increasing confidence in lengths. The flexibility and extensibility of 
the ABS framework also allows other applications of this model to address questions 
around the invasion biology of C. capitata. 

One ofthe new applications of MED-FOES currently being explored is to estimate 
the potential growth rate of Mediterranean fruit fly populations in different areas and 
at different times of the year. This would yield results that could be compared to those 
from standard climatic suitability methods such as CLIMEX and Maxent (Webber et 
al. 2011). The specificity of MED-FOES to the biology of Mediterranean fruit fly 
could serve to refine the more general spatial and temporal analysis of patterns of 
detections and outbreaks when compared to the standard approaches based on 
environmental suitability modelling, especially when combined with incursion risk 
data. 
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SUMMARY 


Area-wide integrated pest management (AW-IPM) of insect pests relies on surveillance and communication 
to estimate wild population size, guide targeted control, and determine the effectiveness of any pest control 
action. However, knowing where and when pests arrive in real-time, communicating the information 
quickly, and delivering insect pest control in a coordinated manner are potential barriers to achieving area- 
wide management. Agricultural technology is creating opportunities to remove these barriers, which in turn 
will facilitate the adoption of AW-IPM. Technology advances in insect surveillance (detection and 
monitoring), data flow and information communication are being realized, and increasingly becoming 
commercially available. This technological change is largely being driven by macro-economic trends of 
increased cost of labour, international agricultural trade and shifting consumer demands, and a confluence 
of new hardware technologies that free computation from the desktop. As professionals and practitioners 
of pest management, there is an opportunity to shape technological solutions to remove barriers to AW- 
IPM, and to achieve sustainable pest management across commodities and pests. Yet, the success of the 
technological solution and its area-wide implementation will depend on the way that we think about the 
problem (innovation), and the solutions (engineering). 


Key Words: Insect remote monitoring, automated surveillance, pest trapping, data flow, data visualisation, 
agricultural technology, innovation, fruit flies, Tephritidae 


1. INTRODUCTION 


Pests of global significance regularly cause economic loss due to their transboundary 
nature and because they are difficult to manage. They are often highly mobile, fail to 
recognize property boundaries, reproduce rapidly, and require labour-intensive 
actions to monitor their arrival and to control their populations. Coordinated, well- 
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timed delivery of pest control options is often seen as a solution. This approach is 
referred to as area-wide integrated pest management (AW-IPM); essentially the 
control of total target pest populations within a delimited area (Klassen and Vreysen 
2021). Successful AW-IPM of insect pests requires often highly coordinated effort, 
involves a regulatory framework, and integrates multiple pest control tactics 
(Hendrichs et al. 2007). 

Evidence of success of the coordinated actions of many farmers was first shown 
theoretically by Levins (1969). He introduced the concept of metapopulations and 
distinguished between the dynamics of a single population and a set of local 
populations. Levin's theoretical model was motivated by, and applied to, a pest 
control situation over a large region, in which local populations would fluctuate in 
asynchrony and generations overlap. The output of the model showed that control 
measures should be applied synchronously throughout to achieve suppression. Many 
practical examples, successful and unsuccessful, of pest control applied at an area- 
wide basis have followed (Vreysen et al. 2007; Schellhorn et al. 2015). However, 
there are many potential barriers to efficient and sustainable AW-IPM such as the 
inability to know where and when pests arrive, communicating the information on 
time, and delivering pest control as a rapid response in a coordinated manner. 

The AW-IPM relies on three key elements: a) accurate estimates of the pest 
population across a contiguous area of production and continuously over time, 
b) efficient communication of the population estimates to pest control managers, and 
c) dynamic coordination and delivery of the management action to suppress or 
eradicate the pests. Population estimates are generated by regular inspection of traps, 
plants, or sentinel animals at fixed or random locations (Southwood 1978). Weekly 
or fortnightly, the presence of pests or their absence is usually recorded on data sheets 
in the field, and later entered into an electronic database. Depending on the end user, 
the information may be communicated within 48 hours of weekly / fortnightly 
monitoring (e.g. crop agronomists to farm manager) or accumulated in a database for 
record management needed for historical reflection or a random audit (e.g. 
government biosecurity). 

However, for each of these three elements there are several challenges. Manual 
inspection of traps is labour-intensive, tedious, and causes delays between insect 
detection and communication to pest managers. The sampling schedule of 7-21 days 
allows for pest population persistence and increase without intervention. 
Communicating insect data in a timely manner from across a contiguous area is 
unrealistic, unless there is an extensive workforce collecting the insect data and 
providing it quickly to the pest managers (Enkerlin et al. 2017). Once the end users 
have the data, delivering pest control in a coordinated manner, which can achieve 
area-wide suppression, is often logistically challenging, and costly. Up to now, many 
of these challenges have been mitigated by conducting each element with a centrally 
organized programme almost exclusively led by governments (Kean et al. 2019). This 
is certainly true in the case of those integrating the delivery of sterile insects (Dyck et 
al. 2021). 
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Pest population estimates, communication, and coordination are organized 
centrally with many stakeholder participants, which is seen as essential to the success 
of area-wide programmes, including those with a Sterile Insect Technique (SIT) 
component. Compared to the number of pests of global significance, there are 
relatively few examples of AW-IPM of endemic or established pests (Vreysen et al. 
2007) because of these barriers, but that is changing. Barriers to more efficient: 

a) pest detection, delimitation and monitoring, 

b) data flow, 

c) information communication, and 

d) coordination of pest control, 
are being removed through innovations in digital agriculture technology. 

Increasingly the inputs and outputs in primary productions systems are being 
tracked, measured and analysed by automated or partially automated systems. These 
new technologies increase efficiencies, reduce labour costs and speed up capabilities 
for decision making. The pressure to continue developing these technologies is driven 
by global food and fibre demand, market access and traceability issues, and the 
approaching horizon of resource limitation (FAO 2017). The result ofthis is that more 
and more farms are connected and networked, and that data flow is moving away from 
the notebook and into digital information systems. This is critical in the case of early 
detection and rapid response to invasive species. 

Venture capital investment in agricultural technology is on an exponential growth 
trajectory. For example, investment in early stage companies in Australia, Canada, 
Israel, and New Zealand has increased from USD 5.8 million in 2010 to USD 89.5 
million in 2017. Growth areas include crop protection and input management, 
precision agriculture and imagery (Finistere Ventures 2018). 

Technology is providing opportunities to achieve greater efficiencies for on-farm- 
and AW-IPM. Advances have been made in data flow, real-time insect surveillance 
(detection and monitoring), information communication, and mating disruption by 
using automated pheromone dispensers. Over that last decade, automation of pest 
surveillance and taxonomic identification, especially for tephritid fruit flies, has 
emerged in research institutions and the commercial market (Jiang et al. 2008; Liu et 
al. 2009; Faria et al. 2014; Philimis 2015; Doitsidis et al. 2017; Goldshtein et al. 2017; 
Potamitis et al. 2017a, 2017b; Shaked et al. 2018). However, in order for the 
implementation and adoption of area-wide automated insect surveillance to occur, two 
spheres will need to align: the way we think about the problem (innovation), and the 
way we solve the problem (engineering). How we bring these two spheres together 
will be critical to achieving efficient detection of exotic pest incursions, monitoring 
of endemic populations, and their control. 

Here we focus on why we want to bring innovation and engineering together to 
achieve efficient and effective AW-IPM, what methodologies are currently on the 
market, and how current and future technological solutions will contribute to more 
efficient and effective pest suppression and eradication. 
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2. THE PROBLEM AND THE SOLUTION 
2.1. Significant Barriers to Area-wide Suppression 


"Innovation in all aspects of modern life is seen as a socio-economic cure for 
many of the troubles of modern societies " (Ferguson et al. 2014). 


One of the great troubles of modern society 1s achieving environmentally acceptable 
and economically sustainable pest management of food and fibre crops. This is 
especially true for managing highly mobile, invasive insect pests. The AW-IPM of 
economically important pests Is viewed as a promising solution. Yet, to achieve area- 
wide pest suppression one needs to overcome significant potential barriers including: 

a) support from many stakeholders, the community and public (including 
standardised approaches/methodologies across diverse stakeholder groups), 

b) knowing where and when pests show up, and 

c) the dynamics of pest populations in target landscapes that are heterogeneous in 
space and time. 

Technological innovation offers solutions to overcome these challenges, making 
AW-IPM accessible for the management of numerous pests by communities and 
grower groups, and as well as increasing the efficiency and effectiveness of 
programmes that integrate the SIT. Logistical barriers can be reduced and eliminated 
to improve insect detection and monitoring, data flow, communication, and 
coordination of area-wide pest control. 


2.2. The Innovative Solutions to Barriers of Efficient and Effective AW-IPM 


The methodologies for in-field data collection of insect populations have barely 
changed since estimates began and these are well captured in classic references such 
as Southwood's 1978 “Ecological Methods”; visual counts, sweep nets, pitfall traps, 
destructive sampling of fruits, and lure-based insect traps are the standard. Generating 
population density estimates using these approaches is tedious, laborious, and 
restricted to snapshots in time and space. The data are collected in the field, then 
returned to the laboratory for manual entry into spreadsheets for later data checking 
and analysis of trends; a slow in-flow of data, which means a slow out-flow of 
information. 

One of the most recent advances to speed up data flow is in-field electronic data 
entry. As of 2017 there have been approximately 30 downloadable mobile scouting 
apps for in-field data collection, a large proportion of which can be used to collect 
arthropod population data (Hopkins 2017). This technology is increasingly being used 
across the public and private sectors. Tablet or smartphone applications allow 
government officers and commercial pest control advisers to enter geo-referenced 
information at the location of data collection. By scanning a barcode on an insect trap, 
or geo-referencing a field scout's location, field staff can enter the insect count data 
on the device, which is then uploaded on a server in an easily readable format such as 
an Excel spreadsheet. 
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End users now have the option to use open source software to tailor data collection 
applications. A widely used example is the Open Data Kit (ODK) Project developed 
at The University of Washington (users range from individual researchers to Google 
and the World Health Organization). The project provides tools for a community of 
users to both create data collection apps and to contribute to the development of the 
software code. Blogs and forums facilitate an iterative process whereby ODK is 
continually updated by the feedback loop of users and developers actively engaging 
(ODK 2018). Fit-for-purpose packages are increasingly available as semi-commercial 
and commercial applications like those developed and used by different government 
agencies for fruit fly in-field data collection / communication (Table 1). 


Table 1. Examples of end-user dashboards for in-field electronic pest data collection 


Name Location Application Target 
CalTraps Los Angeles Pest detection Tephritid fruit 
http://caltrap-info.com/faqs County, USA data management | flies 
originally, now applications 
covering most 
California counties 
Trapbase Victoria, Australia | A Victorian Tephritid fruit 
https://www. agriculture. vic.gov.au Government flies 
online database 
for recording 
fruit fly trap 
locations, 
monitoring and 
mapping of fruit 
fly detections 
OpenScout Indiana, USA, Field scouting Agronomic 
www.dtn.com DTN, formerly app; allows end platform with 


Spensa 
Technologies 


user to select 
insects from a 
customizable list 


scouting for 
insect pests and 
decision 
making 


AgWorld Scout 
https://www.farms.com/agriculture- 
apps/crops//agworld-scout 


Perth, Western 
Australia 


In-field 
assessment to 
monitor crop 
health and pest 


Custom list of 
insects 


pressure 
Scoutpro Urbandale, lowa, Scouting Developed for 
www.scoutpro.org USA platform with soybean, com 
built-in ID keys and wheat 


Farm Dog Salinas, California, | Pest and disease Custom list of 
https://farmdog.ag USA management insects 
software 
Koppert iPM Scout app Berkel en Pest and disease Customised 
www.koppertipm.com Rodenrijs, The scouting template 
Netherlands 
CropScout Western Australian | Pest counts Canola aphid 
https://www.agric.wa.gov.au Government relative to spray 


/apps/cropscout 


thresholds 


894 N. A. SCHELLHORN AND L. K. JONES 


In-field electronic pest data collection applications improve data flow and remove 
delays caused by manual data entry of a paper-based collection system, which then 
has to be entered into an electronic spreadsheet, collated, checked for errors, and 
presented in a meaningful visualization, which is rarely spatially explicit. In turn these 
new applications can improve communication among pest control managers and other 
stakeholders; pest location and density can be visualized spatially across an area 
allowing for a targeted response and review. 

However, two significant barriers remain — the spatial and temporal resolution of 
the information is coarse due to the limitations of *boots' on-the-ground, both in terms 
of the number of locations that can be sampled, and the frequency at which 
information can be collected. Data interpolation has been the primary means of getting 
around this issue. Yet, the benefit of the visualization of interpolated data does not 
translate into location-specific pest management. The scale of interpolated data 1s too 
coarse to achieve more targeted insecticide or biocide application. Automated insect 
detection and monitoring has the potential to address this problem effectively. 


3. THINKING ABOUT THE PROBLEM 


Thorough consideration of the barriers to pest detection and monitoring is needed in 
order to propose and develop the most useful automated solutions and process for 
adoption. An engineering solution alone, without the full context of an area-wide 
management programme, is unlikely to have the anticipated uptake and impact. As 
one example, trapping grids for pest detection are labour-intensive, therefore a simple 
solution would be to automate an insect trap to reduce the needs for field visits and 
labour. However, the result may be a reduced workforce with limited ability to 
respond rapidly when borders are breached, and an exotic pest invades. 


3.1. Detecting Rare Events and Early Incursions 


Following a detection of fruit flies in a fruit fly free zone, there is a requirement to 
move quickly and identify the area infested and the area that has remained free from 
fruit fly. This can be achieved by rapidly deploying traps at a higher density (10-fold 
increase) and checking the traps more frequently. Such an event often requires 
additional staff, and the process continues until the area is declared pest-free. 
Arguably, the problem is the low probability to detect a rare event or early incursion, 
the challenge to quickly delimit the infested area and deliver control of the infestation, 
and ultimately to provide sufficient evidence of pest absence. 

Solving the problem of detecting rare events and early incursions for a rapid 
response can minimize the size and duration of the management response, the cost, 
and the amount of time that markets are closed (Suckling et al. 2016). As two small 
examples, approximately USD 720 000 / week was spent to tackle the Queensland 
fruit fly, Bactrocera tryoni (Froggatt) incursion into the pest-free state of northern 
Tasmania, Australia in autumn 2018 (Beavis 2018). In Miami-Dade County Florida, 
USA, the authorities spent USD 3.5 million in a few months eliminating an outbreak 
of Bactrocera dorsalis (Hendel), and an estimate of -USD 25 million was incurred 
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from cost and losses (Alvarez et al. 2016). An outbreak of B. tryoni in New Zealand 
in 2015 cost USD 9.72 million (BBC 2015). 

These examples highlight that an innovative solution for biosecurity is a pest 
surveillance system that increases the probability of detection of rare events and early 
incursions; a solution that provides greater spatial and temporal resolution. This 
would allow a rapid response to contain the geographic extent of the outbreak, and to 
have confidence of area-freedom during and after control. Technological innovations 
that can quickly provide solutions to costly problems, such as these, are likely to have 
tremendous positive impact. 

Insect detection solutions that are fast and easy to deploy, provide real-time data 
flow, and are cost-effective, will be even more significant for managing pests that are 
endemic and widespread. Pest control solutions across commodities mostly rely on 
the ‘sample, spray and pray’ approach, with sampling often being ad hoc (Zalucki et 
al. 2009). Searching for pests in orchards and crops requires training for correct 
identification, can be imprecise (how much searching is required to make an informed 
decision), is tedious and tiring (long periods of time on hands and knees looking at 
plants) and those who are hired to complete that task can be incentivized from sales 
of insecticide, not from not spraying. Advocates of IPM promote sustainable 
practices, but limited adoption of AW-IPM is the reality. The ‘sample, spray and pray’ 
principle is standard, and will remain so until practical solutions for insect monitoring 
and communication are provided. Technological innovation can play a role in 
breaking down the challenges of poor information about pest numbers, pest locations 
and effectiveness of insecticide sprays. 


3.2. Trapping Guidelines 


Beyond the technical challenges of automating insect surveillance, consideration must 
be given to the staffing needs and workplace culture when changes are made to long 
standing surveillance practices. For major insect pests, especially those that are 
barriers to trade such as fruit flies, insect trapping guidelines are well established, and 
harmonized based on the trapping objective, e.g. detecting, delimiting, monitoring, 
and the desired pest control outcome (FAO/IAEA 2018; ISPM 2018). These recent 
trapping guidelines are comprehensive and provide a level of detail rarely available 
for other insect pests. 

One of the more challenging aspects of trapping guidelines is trapping density, its 
dynamic, and changes according to the survey objectives, and the pest species. Lure- 
based insect traps provide relative estimates expressed as numbers per unit effort and 
are dependent on many factors. In general, the probability of detecting an individual 
insect is based on the sampling effort (the number of traps deployed), the size of the 
target insect population, the activity of the insects, and the insect attractant and 
trapping device efficiency (Vreysen 2021; FAO/IAEA 2018). 


3.3. Lure-based Trapping Methods 


Lure-based trapping methods are used for many of the major global insect pests for 
monitoring endemic populations, and for detecting exotic pest incursions, such as 
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major fruit fly species (e.g. oriental fruit fly, Queensland fruit fly, Mediterranean fruit 
fly (Ceratitis capitata (Wiedemann)), other invasive insects (e.g. Japanese beetle, 
Popillia japonica Newman; tropical gypsy moth, Lymantria pelospila Turner; Asian 
long-horned beetle, Anoplophora glabripennis (Motschulsky); Khapra beetle, 
Trogoderma granarium Everts); major endemic pests of field crops (e.g. noctuid 
armyworm, Pseudaletia unipuncta (Haworth); fall armyworm, Spodoptera 
frugiperda (Smith); corn earworm, Helicoverpa zea (Boddie)), and pome fruit pests 
(codling moth, Cydia pomonella (L.); oriental fruit moth, Grapholita molesta 
(Busck); oblique-banded leafroller, Choristoneura rosaceana (Harris)). These lure- 
based trapping methods also provide the cornerstone of many SIT programmes, both 
for delivery of sterile insects (determining release rates) and demonstrating efficacy 
of control of wild populations. 

Lure-based traps estimate the relative density, unless the target's physiological 
response to the attractant is quantified (Taylor 2018). Relative estimates are expressed 
as numbers per unit effort and are advantageous over visual estimates by saving time 
(checking a point location is quicker than random searching of plants and animals), 
thus increasing efficiency of detection. Lure-based trapping, to generate tephritid 
population estimates, has limitations in that it is primarily males that are lured, and 
trapping efficacy can be influenced by various factors, including environmental 
differences, demographic factors, and the behaviour and physiological state of the 
individual (Taylor 2018). 

Nevertheless, lure-based trapping has become highly specialized and efficient for 
tephritids (FAO/IAEA 2018). Trapping continues to provide a reliable and easy to use 
methodology for surveying pests, but also represents a costly and inefficient 
component of any insect survey programme, be it for government biosecurity or pest 
management. As an example, the trapping component of SIT-based AW-IPM 
programmes for Mediterranean fruit fly is estimated to represent 18-2596 of 
programme costs, which is only partially due to the sorting of captured wild from 
sterile flies (Enkerlin et al. 1996; FAO/IAEA 2018). The trapping cost can be further 
reduced with automation, and with the technology of today it may even support SIT 
programmes by helping to prioritise workflow of staff. 


4. SOLVING THE PROBLEM 


Freeing computation from the desktop has been a key driver that has enabled the 
development of innovative solutions to automate insect monitoring and detection. 


4.1. Automated Insect Monitoring and Communication Technology 


Thus far, the majority of solutions include camera/s focused on dead insects caught in 
the bottom of traps or stuck to sticky cards (Table 2). As with manual traps, all of the 
automated solutions include off-the-shelf pheromones or attractants of the target 
insects. The camera takes pictures at fixed intervals (e.g. Trapview, Semios), and the 
software displays the images for the end user to confirm. For some systems, the 
confirmation process feeds back into the software as a component of the machine 
learning algorithm for improved automated diagnostics (e.g. Trapview). 
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Optical photosensors are being used to discriminate wing-beat frequency of 
insects entering a trap (e.g. Farmsense and AgroPestAlert). A company established 
by the authors of this paper use a type of capacitance sensing, similar to a behavioural 
fingerprint of insects, which detects and discriminates an insect as it enters the trap 
and delivers the information to mobile app in real-time (Table 2). 


Table 2. Examples of automated insect monitoring and communication technology 


Company Name Location Type Target Product Stage 
DTN Purdue, Sentinel; Lepidopterap Acquired Dy DIN April 
à 2018; Commercial 
(formerly Indiana, camera-fitted ests of pome din:com 
Spensa Tech) USA trap fruit od 
DTN Purdue, A Trap; A Lepidopterap Acquired by PIN April 
: electromagnetic 2018; Commercial 
(formerly Indiana, qo ests of pome 
current inside : www.dtn.com 
Spensa Tech) USA fruit 
delta trap 
TrapView Hrusevje, Minn aui d Lepidoptera Commercial 
; traps in various : www.trapview.com 
Slovenia : and Diptera 
designs 
Sian Tra Victoria, Camera-fitted Fruit fl DEA - 
p'rap Australia traps y HOP 
oe Vancouver, Variable He Lepidopterap i 
SemiosBio o mating A Commercial 
à British : A ests of fruit 
Technologies , disruption and www.semios.com 
Columbia, and nuts; CA 
Inc. automated pest 
Canada red scale 
camera trap 
iScout Commercial 
Graz, Camera-fitted ; http://www.pesslinstru 
(Pessl : a Non-specific 
Austria sticky trap ments.com/ 
Instruments) 
RapidAIM Pty Brisbane, Novel Fruit fly for Commercial f 
Queensland, capacitance- www.rapidaim.io 
Ltd. ; Ist product 
Australia type sensor 
Prototype 
Tudela els http://agropestalert.com 
AgroPestAlert en wing-beat Non-specific p:/agrop ` 
Spain - 
frequency 
Riverside, Optical — wing- Prototype 
Farmsence Ine. CA, USA beat frequency Lepidoptera www.farmsense.io 


Electromagnetic current is used by Spensa Tech for monitoring lepidopteran 
orchard pests. The current from the ‘Z-trap’ surrounds and kills the insect, and the 
amount of current provides an indication of the insect size, as a surrogate for the 
insect’s identity. 
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There are key considerations when adopting automated monitoring and 
communication technology, and these will differ depending on the objectives of the 
programme, and of the end users. However, general criteria include the reliability of 
detection, reliability of communicating the detection, efficacy of insect capture 
compared to an industry standard, efficiency compared to manual trapping, and the 
added value, for example, how real-time data flow allows for rapid response, which 
ultimately reduces costs of managing outbreaks, and minimizes disruption to trade. 

Technology is rarely neutral, and the expectations of the benefits will need to align 
with the problem that is being solved. For example, if the expectation is that 
automation will replace humans, then it's unlikely that automation will ever be 
developed at a level that is cost-effective. However, if the expectation is that 
automation is providing better information for more informed pest management 
decisions, improving workflow, and reducing the harm from exotic pest incursions, 
then there are already technologies that can advance pest detection and monitoring 
(Table 2). Automated systems are already improving data flow into geographic 
information system (GIS) databases, in turn allowing real-time visualisation for 
managers and stakeholders of insect population hot spots and areas under control, and 
ultimately providing tighter feedback in detection, communication, control 
application and validation (Fig. 1). 


Manual Monitoring Real-time Monitoring 
Deliver control Deploy / Check traps Deliver control Deploy traps 
(1-3 days) (7-21 days) (1-3 days) 
2 pe tm 
C C ) validation 
Communicate N, Real-time 
information detection & 
(1-3 days) communication 
(1 day) 
9-28 day feedback loop 2-4 day feedback loop 


Figure 1. Feedback loop comparing manual and real-time monitoring. 


4.2. Coordinating Data Flow, Control and Evaluation 


For many decades, theory has demonstrated that for pest population control measures 
to be effective within AW-IPM, synchronicity at temporal and spatial scales is 
paramount (Levins 1969; Ives and Settle 1997). Surveillance methodology and 
strategy, if it 1s to be effective within AW-IPM, needs also to be synchronous across 
insect present and potential distribution areas. Some of the pitfalls of manual 
monitoring are the variations in methodology between stakeholders, as well as human 
error, and the large and complex chain that data progress through from field collection 
to management action. 
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Digitising and standardising data flow at all levels may greatly reduce the loss of 
data fidelity and allow for the level of dynamism that is required in large complex 
systems. Examples of where this model has been effectively rolled out at large scales 
are found within clinical data systems. The transition of medical data records from 
paper to personal computers to medical data collection apps has accelerated in the 
past 10 years (Zhang et al. 2017). So much so that clinician end user demand has 
driven the standardisation of digital health record-keeping at all levels of the data 
supply chain (FDA 2018). 

Empirical examples have shown the benefit of synchronicity in pest control and 
include coordinated timing of insecticide application (Smith 1998; Lloyd et al. 2010), 
coordinated growing of trap crops (Sequeira 2001), area-wide release of sterile insects 
(Hendrichs et al. 1995), coordinated orchard hygiene (Lloyd et al. 2010), and 
sanitation methods to destroy a life stage, such as pupae in soil, to achieve area-wide 
reduction in pest populations (Duffield 2004; Lloyd et al. 2008). Some of these 
examples achieve coordination by default due to the narrow window of suitability of 
the action, e.g. as defined by the license for growing genetically modified cotton in 
Australia. However, area-wide data collection, data flow, and coordinating pest 
management of insecticide/biocide/biological application (sterile insects and natural 
enemies) has been logistically impossible without a central coordinating body and a 
regulatory framework. This has resulted in independent, asynchronous delivery of 
insecticide for marginal gain. 

Fruit and vegetable production regions are often characterised by long growing 
seasons, diverse commodities, and polyphagous pests (such as tephritid fruit flies) that 
take advantage of these spatially and temporally heterogeneous landscapes that span 
the urban and rural habitats (Schwarzmueller et al. 2019). Often urban landscapes 
provide permanent low-density resources, such as a variety of backyard trees as 
potential pest hosts. Even though host plant density and diversity is much lower than 
in a commercial orchard setting, these urban environments can significantly 
contribute to high and persistent pest populations because populations are often 
uncontrolled and backyard hosts can fill the seasonal gaps by providing continuity of 
resources for pests (Schwarzmueller et al. 2019). 

Beyond the biophysical challenges of AW-IPM in diverse landscapes are the 
psychosocial barriers for those who are directly (growers) and indirectly (regional 
towns people) affected by the pests. One of the greatest barriers to acceptance of 
communities participating in area-wide management of Queensland fruit fly was lack 
of social cooperation amongst growers such as insufficient care and responsibility 
about their role in the broader horticultural and social systems (Mankad et al. 2017). 
Increased transparency of the problems and issues for all actors, including better 
insights into knowing when pests show up, and where pests are located, may enable 
coordinated control and validation as to whether the AW-IPM actions are effectively 
suppressing the target population. 
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5. CONCLUSIONS 


The inability to know where and when pests arrive, as well as their population 
dynamics in space and time, the inability to communicate this information in a timely 
manner and delivering coordinated pest control are barriers to AW-IPM, and in turn, 
potential barriers to efficient and sustainable pest management. 

Increasingly technologies that free complex computation from desktop computing 
to in-field mobile devices are central to the development of in-field data collection, 
and automated insect detection and monitoring. Each of these will enable information 
communication among stakeholders, and the area-wide coordination of pest control. 

Engineering solutions to overcome these barriers are many and varied. For 
government biosecurity, detecting rare events of pest incursions or escapees can 
minimize the size and duration of the management response, the cost, and the amount 
of time that markets are closed. For pest management of endemic species, automated 
insect detection solutions that are fast and easy to deploy, that provide real-time data 
flow, and that are cost-effective, can have a significant impact by improving estimates 
of pest numbers, pest locations and effectiveness of integrated control. 

Even if it is early days, current in-field data collection and insect automation 
technology is already providing better information for more informed pest 
management decisions, improved workflow, and has the potential to reduce the harm 
from exotic pest incursions. 
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SUMMARY 


The scientific and technical advances achieved in recent years in the technology for remotely piloted aircraft 
systems (RPAS) and the approval of new regulatory frameworks in several countries have allowed the 
commercial expansion and use of these flying robots for different civil applications, including agriculture. The 
present review discusses the opportunities for the use of the RPAS in area-wide integrated pest management 
(AW-IPM) programmes within the current technical and legal constraints. These include targeted insecticide 
applications of hotspots in fruit fly and mosquito pest management programmes, aerial release of sterile males 
in mosquito and tsetse control programmes, and aerial release of parasitoids. The advantages of the RPAS 
technology - accuracy, increased safety and cost-efficiency for small and medium scale operations - are 
counterbalanced by its limitations at the technical level - reduced payload and flight duration - as well as at the 
regulatory level - mandatory special operational permits from regulatory agencies for operations beyond the 
visual line of sight. 


Key Words: RPAS, unmanned aircraft, UAS, drones, regulation, sterile insects, parasitoids, pest control 


1l. INTRODUCTION 


Area-wide integrated pest management (AW-IPM) programmes aim at controlling a 
given pest at a geographic scale, targeting the whole pest population (Hendrichs et al. 
2007). By definition, there is an intrinsic spatial dimension in all area-wide programmes. 
The best way to operate at this geographic/spatial dimension is by combining geographic 
information systems (GIS) technology with aerial intervention tools (IAEA 2006). Until 
now, aircrafts have been widely used in AW-IPM implementation, and their deployment 
has major comparative advantages for those programmes operating over large areas of 
difficult topography and that lack road networks (Vreysen et al. 2007; Dyck et al. 2021). 
Although the technology of remotely piloted aircraft systems (RPAS) continues 
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improving for many applications, it is already technically sufficiently mature to allow 
carrying out many of the activities of an AW-IPM operational programme by air. The 
term RPAS is the official International Civil Aviation Organization (ICAO) term for such 
aircraft, whereas terms such as unmanned aircraft systems (UAS) are being less used in 
view that regulations prescribe that all aircraft need to be piloted, even when the pilot is 
not on board (FAA 2017; CASA 2018). As the term drone, common in francophone 
countries, 1s increasingly identified with military applications, it is not used here. 

The main current applications of RPAS in agriculture are air-borne scouting of field 
crops and of ranging livestock through remote sensing, as well as precision delivery 
systems and aerial spraying with low or ultra-low volumes in some crops. The advantages 
of the RPAS technology are mainly in the fields of safety, accuracy and cost efficiency. 
However, as it usually happens with technology involving a shift of paradigm in the way 
society deals with problems, the regulatory framework is not fully developed and has not 
evolved at the required speed. This has led some pioneers to develop applications with an 
ad hoc certificate of authorization (COA) or, in some cases, to operate at the fringes of 
the legal regulation. The future of RPAS will therefore depend as much on decisions 
made by regulators as it does on technological advances, and for example France's 
relatively permissive regulation has put it at the forefront of the agricultural use of 
unmanned aircrafts (The Economist 2017). In recent months, however, more appropriate 
regulatory frameworks have been adopted in different countries, clarifying the 
requirements for the operation of UAV and opening the field for commercial applications 
of RPAS, while at the same time, driving technology adaptation to the new regulations. 


2. THE TECHNOLOGY 
2.1. Elements of a Remotely Piloted Aircraft System (RPAS) 


A RPAS is made of three main parts: the remote-control station, the datalink and the 
remotely piloted aircraft or (RPA) unmanned aerial vehicle (UAV) (Fig. 1). The control 
station contains all the elements that permit operators to manage the UAV flight. This 
includes the software that interacts with the aircraft via datalink, but also the computer 
(which can be just a tablet) and the joystick that controls the RPA in manual mode. 

The datalink refers to the main elements that allow communications between the 
control station and the aircraft. The core element is the radio, which must use a frequency 
authorized by national authorities (for civil aviation purposes, usually 2.4 GHz or 900 
MHz for remote control, along with 5.8 GHz for video and audio links) and can include 
helpful methods to avoid interferences, such as the “Frequency Hopping Spread 
Spectrum” (FHSS) technique. Communications can be digital or analogue: while the first 
provides higher quality, especially for video transmission, the range of the second one is 
higher for low-cost systems. The use of antennas and amplifiers should be considered 
too, especially when the payload and power capacity of the aircraft is too limited. For 
very long-range communications, it is highly recommended to use a tracking antenna: a 
directional antenna with embedded control actuators and installed encoders that 
automatically points to the aircraft with high precision, maximizing the communications 
range. 
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Figure 1. Main components of Remotely Piloted Aircraft Systems (RPAS) (modified after 
Wikipedia 2019). 
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Different options of unmanned vehicles are available to fulfil the required operation 
in the most efficient way: from fixed-wing aircrafts to multirotors, helicopters, blimps, 
parafoils or hybrid Vertical Take-Off and Landing (VTOL) platforms, among many 
others (Fig. 2). 

There is also a wide variety of engines available for these vehicles, from electrical to 
fuel powered engines. Although not commonly used yet, remarkable progress has been 
achieved in the development of hydrogen fuel cell powered engines, which are expected 
to extend the flight endurance. The choice of the engine will depend on the autonomy 
requirements but also on the size and weight of the aircraft; sometimes altitude can be a 
limiting condition due to lower air density at high elevations above sea level, requiring 
for instance the use of electrical fuel injection (EFI) engines for higher efficiency. The 
payload capacity and flight duration are also key elements for the majority of operations 
and must be carefully balanced when selecting the RPA for any specific task. 

Commonly related to the three mentioned elements of RPAS, autopilots are key in 
any unmanned operation, especially when the aircraft should perform autonomous 
missions without the constant control of operators. The most sophisticated autopilots have 
embed a suite of sensors and processors together with Line of Sight (LOS) and Beyond 
Radio Line of Sight (BRLOS) Machine to Machine (M2M) datalink radios, all with 
reduced size and weight to minimise the use of the payload capacity of the aircraft. 

These autopilots usually permit the connection with external peripherals such as 
transponders and radars, increasing the capabilities of the platform during fully unmanned 
missions through the provision, for instance, of reliable and autonomous Detect & Avoid 
(DAA) tools. These refer to the technology that provides to unmanned vehicles the 
capability to detect obstacles on their route (such as other aircrafts) and to immediately 
find a way to prevent collision. 
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When they are aimed at professional purposes, autopilot systems must be developed 
according to international standards in order to be compliant with national regulations for 
the professional operation of RPAS. 


Fixed Wing Multirotor Helicopter 
Hybrid VTOL Blimp Parafoil 
Surface Vehicle (USV) Optionally Ground Vehicle (UGV) 
Piloted(OPV) 


Figure 2. Types of unmanned vehicles: (A) Fixed-wing; (B) Multirotor; (C) Helicopter; 
(D) Hybrid Vertical Take-Off and Landing (VTol); (E) Blimp; (F) Parafoil; (G) Unmanned 
surface vehicle (USV); (H) Optionally piloted vehicle (OPV); and (I) Unmanned ground vehicle 
(UGV) (credit Embention). 


2.2. Safety Considerations 


In addition to the design and development of the RPAS according to aerial international 
standards, redundant systems greatly reduce the risk of failure. Redundancy usually is 
focused on the autopilot (normally with triple redundancy). Triple redundancy for 
autopilots refers to the inclusion of three autopilot units in the same flight controller. 
These three autopilots operate as if they were a single unit dealing with the control of the 
unmanned platform. A dissimilar arbiter (a piece of electronics included in the redundant 
autopilot) decides which of those three autopilots is in command attending to the 
efficiency and coherence of their orders. Therefore, in case any autopilot unit fails, there 
will be still two units capable to deal with the whole operation. For critical operations 
performed by large aircraft, such as originally manned helicopters that were adapted into 
unmanned platforms, redundancy is commonly extended to actuators, as long as the 
platform can tolerate the increase in weight caused by the redundant actuators and the 
budget of the project can deal with their price. 

Autopilot systems have several configurable safety routines that can be triggered 
under specific situations. Some of these safety routines include landing if the battery/fuel 
is below a defined threshold of its capacity, go back to the take-off point if the datalink 
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is lost, and reduce altitude if the wind speed is higher than a predefined value. Also, 
configurations aimed to end the flight in the safest possible way can be configured into 
the Flight Termination System (FTS): an arbiter microprocessor within the autopilot that 
activates the flight termination in case of failure of the main microprocessor or any of the 
motors (e.g. by releasing a parachute). 

The most sophisticated autopilot systems also include sensors such as radars, lidars 
and/or transponders that permit the use of DAA technologies. An officially certified DAA 
system is currently mandatory to operate beyond visual line of sight in most of the 
countries, but due to the novelty and impact of this technology in the industry, currently 
the certification process of this kind of system consists of a series of negotiations with 
national authorities who normally request clear and irrefutable proof about the reliability 
of the system. 


3. CURRENT APPLICATIONS OF THE RPAS TECHNOLOGY IN 
AGRICULTURE 


Precision agriculture, construction and public safety are the most promising commercial 
and civil aviation markets for RPAS (The Economist 2017). RPAS are used in agriculture 
for low altitude remote sensing (LARS) of crop conditions with multi-spectral and 
hyperspectral cameras. High spatial resolution information on crop hydric stress (Berni 
et al. 2009), crop vegetation index (Primicerio et al. 2012), weed detection (Hardin et al. 
2007) and yield mapping (Swain et al. 2010) can be obtained with the proper data 
acquisition and analysis. 

When compared to satellite remote sensing, RPAS-based remote sensing has a higher 
spatial and temporal resolution, lower costs and is not affected by cloud coverage among 
other advantages (Nansen and Elliott 2016). However, the calibration ofthe sensors under 
field conditions and post-processing of the acquired information remain complex and 
require high level of expertise. 

After analysing the data collected by RPAS, farmers can tailor their use of irrigation, 
pesticides, herbicides and fertilizers, applying by ground variable rate technologies and 
following the principles of precision-agriculture (Zhang and Kovacs 2012). 

At the research level, remote sensing with RPAS has also been used to detect host 
plant responses to insect infestations, like the analysis of the variation in the vegetation 
index (Normalized Difference Vegetation Index or NDVI) in wheat fields caused by an 
attack of fall armyworm Spodoptera frugiperda J.E. Smith (Zhang et al. 2014). 

RPAS are also used for low and ultra-low volume aerial spraying of insecticides and 
herbicides. In Japan, one of the world-leading manufacturers of agriculture RPAS 
(Yamaha Motor Company) estimates that about one million ha of rice, around 35% of the 
Japanese rice fields, are currently sprayed with their unmanned helicopters (Yamaha 
2017). 

In China, several commercial companies offer off-the-shelf commercial RPAS 
models for crop spraying with variable tank capacities and spraying methods, from 
thermal fogging to electrostatic spraying (DJI 2017; Joyance 2017). The mission planning 
and operation of these spraying RPAS is relatively simple thanks to dedicated remote 
controllers and software. Variable rates of pesticides, fertilizers and herbicides can be 
applied. 
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4. REGULATORY FRAMEWORK 
4.1. Classification of Remotely Piloted Aircrafts and Operations 


Although different legal frameworks exist in each country/region, most of the existing 
regulations classify the RPAs in relation to their weight (ICAO 2015; and other 
regulations listed in Table 1): 

1. Micro-RPA if less than 2 kg of maximum take-off mass (MTOM) 

2. Small RPA between 2 and 25 kg of MTOM and 

3. Large RPA between 25 and 150 kg of MTOM. 
They also classify them in relation to the type of operation: 

1. Within the visual line of sight (VLOS) when the distance to the operator is less than 
500 m with good visibility conditions and flight elevation below 120 m 

2. Beyond visual line of sight (BVLOS) and flight elevation below 150m over the 
ground (also called Very Low Level or VLL operations) 

3. Beyond visual line of sight (BVLOS) and flight elevation above 150 m over the 
ground; and 

4. A fourth and intermediate class, which is the Extended Visual Line of Sight 
(EVLOS) for those operations where the main pilot has no visual contact with the RPA, 
but other pilots/observers, in communication with the main one, are capable to see it. 


4.2. Different Regulations in Each Country 


The regulatory framework for the operation of RPAs is not fully developed in all the 
countries and not fully harmonized across the countries and regions. However, some 
common ground among the regulations of different countries can be found: 

1. Regarding the weight of the RPAs, those over 2 kg MTOM must be operated by 
certified operators; those over 25 kg MTOM must be registered and follow either a risk- 
based approach or obtain a type certificate. 

2. Regarding the type of operation, RPAs should be operated within the VLOS. 
Operations BVLOS are only allowed under especial conditions (when the aircraft is under 
2 kg, when operating in special areas of the airspace, or when using DAA technology or 
UAS Traffic Management (UTM)/U-Space systems (set of new services relying on a high 
level of digitalisation and automation of functions and specific procedures designed to 
support safe, efficient and secure access to airspace for large numbers of drones) 
(SESAR-JU 2019). 

3. Operations over restricted areas (e.g. populated areas) must be performed by 
platforms with a certificate of airworthiness and also with permission from public 
authorities. 

4. RPAS operators and RPAs above 250 g must be registered. 

5. Most, if not all, RPAS operations must be insured. 

Some examples of the relevant regulations for RPAS operators in different countries can 
be found in Table 1. Due to the early stage of the unmanned industry and regulations, 
waivers by the competent national authority against these regulations are possible. 
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Table 1. Regulatory framework for the use of remotely piloted aerial systems (RPAS) in different 
countries/regions 


Ehud / A . B Release 
egion rganism ocument Date 
Australia | Civil Aviation Safety Authority | - General information 
(CASA 2018) - Regulation: Direction-operation of certain 2017-10 
unmanned aircraft 
European, European Aviation Safety - General information 
Union Agency (EASA 2017) - Opinion No 01/2018 Introduction of a 
regulatory framework for the operation of | 2017-05 
unmanned aircraft systems in the *open' and 
| ‘specific’ categories 
Japan Civil Aviation Bureau 
(CAB 2016) - General information 2015-10 
Mexico | Dirección General de - General Information 
Aeronáutica Civil - Regulation: CO AV-23/10 R4 que establece 2017-07 
(DGAC 2017) requerimientos para operar un sistema de 
| | aeronave pilotada a distancia (RPAS) 
Spain Agencia Estatal de Seguridad - General information 
Aérea (AESA 2018) - Regulation: Utilización de RPAS 2017-12 
USA Federal Aviation Administration| - General information 
(FAA 2017) - JO ao : Unmanned Aircraft Systems 2016-10 
(UA 


4.3. Certificate of Airworthiness 


The certificate of airworthiness is issued by the competent agency in charge of aviation 
safety in each country. Considering that it depends on national rules, this certificate may 
be mandatory if the maximum take-off mass (MTOM) of the remotely piloted aircraft is 
over 25 kg, but there are other situations where the certificate may be requested such as 
performing operations over populated areas or if the operation will take place BVLOS. 

The request for a certificate needs to include every element of the RPAS, which 
includes a study about the risk of operating the system, the results of the tests made to the 
autopilot (hardware and software) and the structure of the aircraft and its resistance to 
harsh environments, such as extreme temperatures, humidity or dust conditions. 


4.4. Pilots Qualifications 


Regulations in most countries require RPAS pilots to be of legal age and their medical 
condition certified by an official aeronautical centre. In addition, the pilot must have the 
theoretical knowledge (an official license is required, such as an ultralight flight pilot 
license) and the practical knowledge on the specific RPAS (obtained from the 
manufacturer of the RPAS or by an organization delegated by the manufacturer) (ICAO 
2015; and other regulations listed in Table 1). 
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5. ADVANTAGES AND OPPORTUNITIES FOR RPAS IN AW-IPM WITH THE 
CURRENT LEGAL REGULATIONS 


One of the main advantages of the technology is in the field of safety, avoiding the risks 
for pilots inherent to any operation with manned aircrafts in agriculture. In case of 
accident, the severity of harm is minimised thanks to the absence of an onboard pilot and 
the lower kinetic energy of the aircraft. 

Accuracy of the operations is very high (the same as in regular aircrafts), since the 
mission events are preconfigured based on geographic information and triggered 
automatically during the flight by the GPS information, avoiding human errors during 
operation. The parameters of the operation, such as the dose to be applied per surface unit 
during an aerial spraying operation or insect release, are controlled directly by the 
microprocessors that will adjust the actuators to obtain a constant value regardless of the 
variations of the flight speed (DJI 2017). 

Cost-efficiency is also a major advantage of the RPAS technology thanks to the 
relatively low investment, maintenance and operational costs. However, cost-efficiency 
varies depending on the scale of the operation and detailed analysis should be conducted 
on a case by case basis. 

Within the current legal framework, some of the activities that are part of the AW- 
IPM programmes for the control of different pest insects can be carried out using RPAS 
(Table 2). Some of the operations, such as the suppression of fruit fly hotspots, do not 
require a specific authorization from the civil aviation authority (CA A). Others, like those 
who require operation BVLOS, require a special operation permit by the relevant CAA 
based on a specific operations risk assessment (JARUS 2017). 


5.1. Suppression of Fruit Fly Hotspots and Mosquito Larval Breeding Sites 


One common activity in AW-IPM programmes against fruit flies is the suppression of 
hotspots by bait-spraying. Hotspots are detected and delimited by weekly trapping 
surveys and later normally treated by ground with bait sprays. For example, the 
Mediterranean fruit fly, Ceratitis capitata (Wiedemann) control programme in Valencia 
(Spain) uses a fleet of all-terrain vehicles (ATV) equipped with ground sprayers for this 
purpose (Argilés and Tejedo 2007) (Fig. 3). However, the low volume of insecticide 
required by bait sprays compared to cover sprays and the limited size of the area to be 
treated — the size of hotspots is usually some tens of ha — make this task technically 
suitable for aerial application by RPAS. 

Currently, off-the-shelf RPAS for spraying have been developed by several 
commercial companies with specific software and remote controller for this task. From 
the regulation point of view, the operation in VLOS over commercial crops outside 
restricted areas and with a maximum take-off mass below 25 kg exempt this application 
in most countries of the requirement for a specific permit or certificate of airworthiness 
from the national civil aviation authorities. The area covered per day can range between 
25 to 50 ha depending on the insecticide application specifications, which is several times 
higher than can be achieved by ground spraying. 


Activity 


Release of sterile 
Aedes mosquitoes 


Release of sterile 
tsetse flies 


Fruit fly hotspot bait 
spraying 


Activity 


Release of sterile 


Aedes mosquitoes 


Release of sterile 
tsetse flies 


Fruit fly hotspot 
bait spraying 


Table 2. Summary of technical parameters for different RPAS applications 


Weight of adults 
min max 
0.9 mg 1.1 
mg 
20 mg 30 mg 
Flight distance 
(without ferry) 
min max 
5.3 km 6.0 km 


100 km 200 
km 


3.8 km 6 km 


Release density 
min max 
1000 males/ha 2000 males/ha 
0.5 males/ha 1.0 males/ha 
Speed Flight time 
during (without ferry) 
operation min max 
10 m/s 9 min 10 min 
20 m/s 83 min 167 
min 
8 m/s 8 min 13 min 


Biomass of insects 


per surface 


Payload 


300 g 


900 g 


10 kg 


Area to be 


covered per flight 


max min max 
220 40 ha 60 ha 
g/km? 
3 g/km? 3000 ha 8000 


Type of aircraft 


rotationary; 
micro 


fixed-wing/ 

helicopter; 
medium 

rotationary; 
medium 


ha 
3ha 6 ha 


Type of 
operation 


VLOS; 
urban 
area 
BVLOS; 
rural area 


VLOS; 
rural area 


Swath widths 


min max 


75m 100 m 


300 400 m 
m 


8m 10m 


Specific 
authorization by 
relevant CAA 


mandatory 


mandatory 


exempted 


INdI-M V NI SWALSAS LAVIDUTY GALO TIA ATALOWAY 


TT6 
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Similarly, mosquito larvicides can be applied aerially to larval breeding areas, 
replacing the current ground and helicopter treatments, as demonstrated in the ongoing 
tests by L'Entente Interdépartementale pour la Démoustication du Littoral Méditerranéen 
in France (EID Méditerranée 2018). 


Figure 3. (A) Delimiting the extent of hot spots with GIS-based field surveys of monitoring traps. 

(B) Green tracks showing the bait spray ground treatment done in different citrus orchards; only 

orchards with a ripening variety are treated. (C) ATV applying a bait spray treatment by ground. 
(D) Spraying RPAS with a 10 litre tank. 


5.2. Release of Sterile Aedes Mosquitoes in SIT Programmes 


The weight of adult Aedes spp. mosquitoes is low (ca. 1 mg). They also have a low 
dispersal behaviour, which compared to other pests, makes it possible to apply area-wide 
control programmes over relatively small urban areas. These two conditions make the 
aerial release of sterile mosquito males technically feasible using RPAS. 

Flying over the urban or peri-urban scenario typical of an Aedes spp. mosquito control 
programmes, however, requires a mandatory permit and certificate of airworthiness for 
the specific operation by the local aerial safety agency. To facilitate obtaining these, the 
use of micro-RPAS, i.e. under 2 kg of maximum take-off mass, is advised. 

An aerial platform of less than 1 kg, including the payload with the release machine 
and an insect cargo of around 75 000 sterile males, can suffice to release mosquitoes in 
VLOS over 50 ha with a flight duration of less than ten minutes per flight and a flight 
elevation under 100 m. 
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5.3. Release of Sterile Tsetse Flies in SIT Programmes 


Tsetse fly SIT programmes are applied at a scale of very large areas, usually covering 
several hundred or thousand km? of rural landscape (Feldmann et al. 2021). The required 
release density of sterile males is only between 50 to 100 sterile males per km? and per 
week (equivalent to 1 to 3 g of insects per km? and per week, depending on the tsetse 
species). This is a very low release rate when compared to other pest species, namely fruit 
flies (Hendrichs et al. 2021). Release swaths of 300-400 m are common in view that tsetse 
flies disperse sufficiently between flight lines. 

To conduct the aerial releases under these conditions, a remotely piloted aircraft with 
a flying endurance of at least 100 km and a payload of approximately 1 kg for the chilled 
insect release machine and the sterile insect cargo is needed (for an example see Fig. 4). 
Several fixed-wing and helicopter models currently available on the market with a 
MTOM below 25 kg meet these technical requirements. The release operation will 
necessarily be BVLOS, and thus will require specific authorization by the local aerial 
safety agency. In addition, the take-off and landing point will need to be as close as 
possible or within the release area to save ferry flying time, which may require a field 
insectary. 


Figure 4. Unmanned aircraft developed for the Southern Tsetse Eradication Project in Ethiopia. 
The pods under the wings carry the sterile tsetse males in chilled conditions. 


5.4. Release of Parasitoids in AW-IPM Programmes 


Several AW-IPM programmes release parasitoids to control different pests, such as the 
aerial releases of chilled Diachasmimorpha longicaudata (Ashmead) parasitoids mass- 
produced by the Moscafrut programme in Mexico to control Anastrepha ludens (Loew) 
and An. obliqua (Macquart) fruit flies (Montoya et al. 2007); or ground releases in Costa 
Rica of Spalangia endius Walker to control the cattle pest Stomoxys calcitrans (L.) by 
Costa Rica's National Institute of Agricultural Technology, Innovation and Transfer 
(INTA) (Solorzano-Arroyo et al. 2017). The release of these tiny wasps can be carried 
out with RPAs under 25 kg, although to be more cost-effective, the operation needs to be 
BVLOS, and therefore requires the specific authorization by the local aerial safety agency 
based on a specific operation risk assessment (JARUS 2017). 

In Mexico, aerial releases of Tamarixia radiata Waterston, the parasitoid of 
Diaphorina citri Kuwayama, the vector of Huanglongbing, are being conducted with an 
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RPAS by the company Mubarqui within the area-wide programme of the Servicio 
Nacional de Sanidad, Inocuidad y Calidad Agroalimentaria (SENASICA) that manages 
the citrus greening programme in Mexico (García-Avila et al., this volume). 


5.5. Release of Sterile Fruit Flies in SIT Programmes 


The release of sterile fruit flies in SIT operational programmes is carried out with small 
aircrafts covering tens of thousands of ha per flight and with a cargo above 100 kg of 
biomass (FAO/IAEA 2017). RPAS doesn't seem suited for this job, since this would 
require large RPAs with a complex certification process. 

Small pilot projects could possibly benefit of RPAS for aerial releases provided they 
apply a shift of strategy for the aerial releases, e.g. several short flights with a low load 
of sterile insects from a mobile base within the release area. 


5.6. Strategy and Logistics for the Releases of Sterile Insects 


As described, RPAS can potentially be used in some AW-IPM programmes to release 
sterile insects. To do so, some adaptations to the current release procedures are needed to 
compensate for the lower payload and endurance capacities of the RPA aircraft. 
Currently, large numbers of sterile insects are released in SIT operational programmes by 
manned aircrafts in a single flight covering large areas (for example, tens of millions of 
sterile insects over hundreds of km? in the case of fruit fly programmes). 

If RPAS are to be used for the aerial release of sterile insects, multiple and shorter 
flights are needed for the same purpose. Currently, the manned aircrafts take-off from a 
runway located close to the sterile fly emergence and release facility. Release by RPAS 
will require that the sterile insects be transported by ground to the take-off point within 
the release area, or at least in the very close vicinity. This will require the use of a mobile 
take-off station from which the RPAS is operated and where sterile insects are kept under 
chilled conditions waiting for their turn to be released. 


5.7. Release Machines 


Apart from the mandatory requirements of using light materials, the release machines also 
require a chilling system capable of maintaining the temperature between 4°C and 8°C in 
the insect holding container, depending on the insect species, during the flight. Passive 
chilling systems like those based on the use of phase-change materials (PCM) can provide 
such conditions at a low payload cost. Relative humidity must be kept under the dew 
point to avoid condensation on the surface of the insect bodies. Some insects like 
mosquitoes or some species of parasitoid wasps have fragile legs and antennae and 
require higher holding temperatures and special equipment to avoid mechanical damage 
by compaction and vibrations during the flight and by friction while going through the 
release mechanism (Montoya et al. 2012). 

Accurate releases with variable release rates can be continuous, along a flight path or 
discrete, focused on individual waypoints with predefined coordinates. 
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6. CONCLUSIONS 


The RPAS technology is widely and increasingly used in agriculture for remote sensing 
and pesticide spraying of crops, mainly at the level of individual larger farms. However, 
RPAS are still not routinely used in operational AW-IPM programmes, such as fruit fly 
SIT programmes, because the scale of these programmes is usually too large for the 
current technical and regulatory limitations of RPAS. 

Nevertheless, as discussed in this review, the legal regulations recently approved in 
several countries have opened the possibility to use the existing commercial RPAS 
technology for some of the field activities of AW-IPM programmes. This is the case of 
the chemical treatment of hotspots in fruit flies or mosquito control programmes, 
providing high application accuracy. 

Some other applications, such as the release of sterile males of tsetse or mosquitoes, 
respectively over large or urban areas, require a specific risk assessment prior to the 
authorization by the relevant civil aviation authority in the country. In this regard, the 
development of the novel DAA technology and UTM/U-Space systems, and their official 
certification, will facilitate the authorization of applications and operations beyond the 
pilot VLOS, as commonly needed in area-wide programmes. 
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SUMMARY 


Insects represent the most successful taxon of eukaryotic life, being able to colonize almost all 
environments. Microbial symbiomes associated with insects, impact important physiologies, and influence 
nutritional and immune system status, and ultimately, fitness. A variety of bacterial phyla are commonly 
present in insect guts, including Gammaproteobacteria, Alphaproteobacteria, Betaproteobacteria, 
Bacteroidetes, Firmicutes, Clostridia, Spirochetes, Verrucomicrobia, Actinobacteria, and others. Among 
them, the genus Enterobacter has been recognized as a dominant inhabitant of the gut for several important 
insect species, indicating an essential functional role for this taxon. Here, we review the known 
Enterobacter functional diversity among insects with respect to insect development, host exploitation, 
reproduction, and interactions with other organisms, in an attempt to provide an overview of the traits that 
have resulted in their evolutionary success. Many strains of Enterobacter species are not simply insect 
commensals but confer beneficial traits to their hosts that primarily fall into two categories: provision and 
degradation of nutrients and protection from pathogens. 


Key Words: Microbial symbiomes, endosymbiotic bacteria, bacterial functional diversity, mutualisms, 
commensalisms, pathogenic relationships, nutrient degradation, nutrient provision, pathogen protection 


1. INTRODUCTION 


Microorganisms are well recognized as essential members of the biosphere. Over 
billions of years they have evolved into every conceivable niche on the planet. 
Microorganisms reshaped the oceans and atmosphere and gave rise to conditions 
conducive to the development of multicellular organisms (Gibbons and Gilbert 2015). 
Microbial diversity and distribution were mostly inaccessible and underestimated 
before the advent of molecular fingerprinting and high-throughput sequencing 
technologies, which now allow us to circumvent culture-based approaches (Fierer and 
Lennon 2011; Whitman et al. 1998). 
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Bacteria and archaea estimates continue to rise within an increasing number of 
environments sequenced using advanced molecular techniques, with the number of 
existing microbial species predicted to reach millions (Brown et al. 2015; Williams et 
al. 2017; Zaremba-Niedzwiedzka et al. 2017). 

The term symbiosis originates from the Greek word “symbioun” meaning “to live 
together"; it was defined by Anton de Bary in 1879 as *the living together of two 
dissimilar organisms, usually in intimate association, and usually to the benefit of at 
least one partner" (Bary 1879). Symbiotic bacteria are omnipresent in all types of 
ecosystems, having a significant impact on eukaryotic evolution and diversity (Martin 
and Schwab 2012; McFall-Ngai 2007; Ruby et al. 2004). Although considerable 
attention has been given to pathogenic bacteria, pathogens are a minute minority of 
animal symbionts. 

Microbial symbioses are generally categorized as parasitism, commensalism, or 
mutualism, though some relationships may wander across these defined boundaries 
depending on evolutionary processes, changes in environmental conditions and/or 
health state of the host/symbionts (Webster 2014). Host development, defence, 
nutrient assimilation and disease, in humans and other animals, is influenced by 
microbial mutualisms, commensalisms and pathogenic relationships (Eren et al. 
2015). The development of next-generation DNA sequencing platforms has allowed 
an in-depth understanding of the composition of the microbial populations inhabiting 
different hosts and symbiosis research has focused on associations that (i) have 
economic importance, (ii) have implications for human health, or (iii) offer 
ecologically fascinating insights (Webster 2014). 

It is estimated that the majority of members of the largest class of invertebrates, 
i.e. Insecta, are involved in some type of symbiosis, with most of these relations being 
shared with bacteria. Microorganisms can colonize the insect exoskeleton, the gut and 
haemocoel, and are present within some insect cells. The microbiota may account for 
1-10% of the insect biomass, implying that the insect, as well as any other higher 
organism, can be regarded as a multi-organismal entity (Douglas 2015). Bacterial 
symbionts are equally prevalent in mammals and insects; however, the bacterial 
diversity in insect digestive tracts is generally low and rarely exceeds a few tens of 
species (Colman et al. 2012) Several immunological, physiological and 
morphological hypotheses have been proposed to explain that fact (Broderick and 
Lemaitre 2012; Engel and Moran 2013). The lack of adaptive immune function in 
invertebrates might partly explain this low diversity (McFall-Ngai 2007). 


2. INSECT SYMBIONTS 


Insect-associated microorganisms cover an immense range of functions and are 
known to upgrade nutrient-poor diets; aid digestion of recalcitrant food components; 
protect from predators, parasites, and pathogens; contribute to inter- and intraspecific 
communication; affect efficiency of disease vectors; and govern mating and 
reproductive systems (Engel and Moran 2013; Gil and Latorre 2019). 
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2.1. Obligate Mutualistic Symbionts 


Insects that depend exclusively on nutritionally restricted diets such as plant sap, 
vertebrate blood and woody material, commonly possess obligate mutualistic 
symbionts that are involved in the provision of essential nutrients or the degradation 
of food materials (Engel and Moran 2013; Engel et al. 2016; Latorre and Manzano- 
Marin 2017). At least 10% of all insect species depend on obligate nutritional 
symbioses where bacteria are required to synthesize nutrients that are absent in the 
diets of their hosts (Wernegreen 2004). Aphids provide an example of such obligate 
endosymbiosis since all aphids harbour endosymbiotic bacteria (i.e. microorganisms 
that live inside host cells or tissues) of the genus Buchnera in specialized host cells 
called ‘bacteriocytes’ (Manzano-Marin et al. 2016). Other obligatory endosymbionts 
include Wigglesworthia in tsetse flies (Akman et al. 2002), Blochmannia in carpenter 
ants (Williams and Wernegreen 2010), Baumannia in sharpshooters (Wu et al. 2006), 
Carsonella in psyllids (Nakabachi et al. 2006) and Tremblaya in mealybugs (Szabó 
et al. 2017). In a broader definition in the same category, we can include Candidatus 
Erwinia dacicola in the olive fruit fly Bactrocera oleae (Capuzzo et al. 2005; Ben- 
Yosef et al. 2014). These intracellular mutualists commonly have the following 
biological features: (a) they are located inside bacteriocytes, (b) are essential for 
fitness, (c) are transmitted maternally, and (d) display strict host-symbiont co- 
evolutionary patterns (Bourtzis and Miller 2008). 


2.2. “Facultative” Symbiotic Bacteria 


In addition to obligate symbionts, many insects harbour “facultative” symbiotic 
bacteria, which are not essential for either host survival or reproduction and are 
typically maintained with a patchy distribution in host populations. Some facultative 
symbionts, like Wolbachia, Spiroplasma and Cardinium, are famous as reproductive 
manipulators in insects, affecting host reproduction by inducing male-killing, 
feminization, parthenogenesis or cytoplasmic incompatibility (Zchori-Fein and 
Perlman 2004; Doudoumis et al. 2013, 2017; Mateos et al. 2018). It has been 
speculated that these reproductive manipulators are not only harmful agents but also 
accelerators of host speciation due to reproductive isolation between infected and 
uninfected hosts. At the same time, Wolbachia has been shown, under certain 
conditions, to protect their hosts from insect pathogenic viruses as well as to prevent 
the establishment and transmission of major human pathogens like dengue and 
chikungunya viruses and the malaria parasite Plasmodium (Schmidt et al. 2017; Tan 
et al. 2017; Ant et al. 2018). 


2.3. Gut Microbiota 


Research conducted mainly in the last ten years, has resulted in tremendous progress 
in the field of gut microbiota and their impact on host metabolism. In general, gut 
microorganisms provide several nutritional functions to their hosts, and in return, 
hosts provide symbiotic microorganisms with a stable, protected, and nutrient-rich 
environment (Kohl et al. 2014). All animals assemble and maintain a diverse but host- 
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specific gut microbial community. Aside from the ubiquitous gut microflora in 
vertebrates, numerous invertebrates harbour endosymbiotic microorganisms inside 
their body cavity (Feldhaar 2011). It is believed that the gut microbiota can be 
considered as a bacterial organ, which is integrated into the biological system of the 
host (Sandeva et al. 2018). Gut microorganisms are also considered endosymbionts 
(Moya et al. 2008), although they are localized extracellularly within the gut lumen 
and their persistence within the gut could range from transient visitors to permanent 
inhabitants (Feldhaar 2011). Gut microorganisms produce a diverse metabolite 
repertoire from the anaerobic fermentation of undigested dietary components that 
reach the colon, and from endogenous compounds that are generated by the 
microorganisms themselves and their hosts (Rooks and Garrett 2016). Increased 
availability of technologies that profile microbial communities revealed that gut 
microorganisms are distinct from those of other characterized habitats in the 
biosphere, which indicates that strong selective forces differentiated gut-dwelling 
bacteria regardless of their lineage (Ley et al. 2008). 

The basic structure of the digestive tract is similar across insects, although they 
possess a diversity of modifications associated with adaptations to specialized niches 
and feeding habits, and many of these specializations have evolved for housing gut 
microorganisms in specific gut compartments (Engel and Moran 2013; Pereira and 
Berry 2017). A variety of bacterial phyla are commonly present in insect guts, 
including — Gammaproteobacteria, ^ Alphaproteobacteria,  Betaproteobacteria, 
Bacteroidetes, Firmicutes, including Lactobacillus and Bacillus species, Clostridia, 
Spirochetes, Verrucomicrobia, Actinobacteria, and others (Colman et al. 2012). The 
contribution of microorganisms, particularly gut microorganisms, to insect function 
is highly relevant from several perspectives, relevant to medicine, agriculture, and 
ecology (Douglas 2015). 


2.4. Unveiling the Black Box of Symbiotic Associations 


Characterization, exploitation and management of the insect-microbial symbiotic 
associations can contribute significantly to the control of agricultural pests and disease 
vectors. Recent advances in “omics”, such as metagenomics, metatranscriptomics, 
and metaproteomics, have gradually unveiled the black box of symbiotic systems. 
However, capturing the properties of insect microbiota has been challenging due to 
the high variability in composition between individuals and closely related species 
(Pernice et al. 2014). Several biological and ecological factors such as age, genetics 
and environment have been proposed to explain insect microbiota composition. 
However, diet is one of the main factors driving variation in the composition of the 
gut microbiota in vertebrates and invertebrates. In insects, host diet composition has 
been shown to shape the microbiota composition regardless of taxonomy and 
geography of the specimens (Colman et al. 2012; Chandler et al. 2011; Yun et al. 
2014). 

Food itself can be a vector of commensals, and different diets will provide 
microbial inoculates of different community compositions. Also, one major difference 
between the human and insect microbiota is that the majority of the insect bacteria 
seem to be aerobic and therefore capable of digesting food outside the insect. This 
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function may contribute to explaining why host diet is such a key driver of microbiota 
composition and explain why bacteria commonly associated with insects are very rare 
in diverse mammalian species and vice versa (Chandler et al. 2011; Pernice et al. 
2014). Some insect-associated microorganisms are related to microbial taxa found in 
other animals, e.g. Enterobacteriaceae and other Gammaproteobacteria, Firmicutes 
and Bacteroidetes, but others are absent from any other animal and the external 
environment (e.g. many protists of the class Parabasalia are found exclusively within 
termites (Brune and Dietrich 2015)). 


3. ENTEROBACTER A DOMINANT TAXON OF GUT MICROBIOTA 
WITH MULTIPLE ROLES 


Members of the Enterobacteriaceae family are facultatively anaerobic, Gram-negative 
rods that are catalase-positive and oxidase-negative (Brenner et al. 1984). Currently, 
the family comprises 51 genera (Table 1) and 238 species. The number of species 
displays a wide divergence with a range of | to 22 per genus. Twenty-two genera 
contain only one species, while seven genera have more than ten species (Octavia and 
Lan 2014). 


Table 1. The genera (51) of the family Enterobacteriaceae" 


Arsenophonus (1991), Biostraticola (2008), Brenneria (1999), Buchnera (1991), Budvicia (1985), 
Buttiauxella (1982), Cedecea (1981), Citrobacter (1932), Cosenzaea (2011), Cronobacter (2008), 
Dickeya (2005), Edwardsiella (1965), Enterobacter (1960), Erwinia (1920), Escherichia (1919), 
Ewingella (1984), Gibbsiella (2011), Hafnia (1954), Klebsiella (1885), Kluyvera (1981), Leclercia 
(1987), Leminorella (1985), Lonsdalea (2012), Mangrovibacter (2010), Moellerella (1984), 
Morganella (1943), Obesumbacterium | (1963), Pantoea (1989), Pectobacterium (1945), 
Phaseolibacter (2013), Photorhabdus (1993), Plesiomonas (1962), Pragia (1988), Proteus (1885), 
Providencia (1962), Rahnella (1981), Raoultella (2001), Saccharobacter (1990), Salmonella (1990), 
Samsonia (2001), Serratia (1823), Shigella (1919), Shimwellia (2010), Sodalis (1999), Tatumella 
(1982), Thorsellia (2006), Trabulsiella (1992), Wigglesworthia (1995), Xenorhabdus (1979), Yersinia 
(1944), and Yokenella (1985). 


"The year the genus was proposed is listed in parentheses afier the genus name; also, the genera 
of the family that have been characterized in insects are highlighted with bold text 


Numerous applications use members of Enterobacteriaceae, including biocontrol 
in agriculture, production of recombinant proteins and non-protein products, control 
of infectious diseases, anticancer agents, biowaste recycling, and bioremediation 
(Watanabe et al. 2000; Zhu et al. 2011; Zhang et al. 2012; Zhao et al. 2012). 

The family Enterobacteriaceae is ubiquitous, and many species can exist as free- 
living in diverse ecological niches, both terrestrial and aquatic, and some are 
associated with animals, plants, or insects only (Octavia and Lan 2014). For 
convenience, the members are broadly categorized into three types: (1) those that can 
cause human infections or are primarily associated with human/animals and the 
environment, (2) those that are associated with plants or plant pathogens and the 
environment, and (3) those that are associated with insects or are endosymbionts. 
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The Enterobacteriaceae (Proteobacteria) are considered as one of the most 
dominant bacteria families associated with insects (Drew and Lloyd 1987; Behar et 
al. 2005; Jurkevitch 2011; Rizzi et al. 2013; Wang et al. 2014; Cambon et al. 2018). 
They gave rise to a variety of symbiotic forms, from the loosely associated 
commensals, often designated as secondary (S) symbionts, to obligate mutualists, 
called primary (P) symbionts (Husník et al. 2011). Many enterobacteria are also 
opportunistic pathogens. 

The genus Enterobacter was first described by Hormaeche and Edwards (1960) 
and was named for the organisms’ predominant natural habitat, the intestines of 
animals (from Greek enteron, meaning "intestine"). Enterobacter is a genus of 
common Gram-negative, facultatively anaerobic, rod-shaped, non-spore-forming 
bacteria of the family Enterobacteriaceae. The genus is polyphyletic based on the 16S 
rDNA sequence, with 14 lineages scattered across the 16S rDNA tree. 

The taxonomy of Enterobacter has a complicated history, with several species 
transferred to and from this genus. The older species were assigned to the genus based 
on DNA-DNA hybridization values and phenotypic data; whereas the more recently 
described taxa rely on 16S rRNA gene- and rpoB-sequencing for genus allocation. It 
has been previously acknowledged that Enterobacter contains species which should 
be transferred to other genera. The polyphyletic nature of the genus makes it difficult 
to assign novel species to Enterobacter unless the strains cluster with the type species 
(E. cloacae) of the genus (Brady et al. 2013). 

Members of the Enterobacter can be found in soil, water, sewage, vegetable and 
fruits, plants, terrestrial and aquatic environments. They can be isolated from the 
intestinal tracts of humans and other animals as commensals, but they are also 
significant human pathogens (Hoffmann and Roggenkamp 2003; Hoffmann et al. 
2005; Davin-Regli and Pages 2015). 

Interestingly, Enterobacter spp. have been recognized as inhabitants of the gut of 
several insect species, suggesting that this genus may play various and vital roles 
(Vasanthakumar et al. 2006; Geiger et al. 2009; Jiang et al. 2012; Gujjar et al. 2017). 
In this respect, we reviewed the known Enterobacter diversity among insects in 
relation to the functional role in insect development, host exploitation, reproduction, 
and interactions with other organisms, in order to recognise the traits that have 
resulted in their evolutionary success. Many Enterobacter strains are not simply insect 
commensals but confer beneficial traits to their hosts that primarily fall into two 
categories: provision/degradation of nutrients and protection from pathogens. 


3.1. Enterobacter and Nutrient Bioavailability 


Many insects derive nutritional advantage from persistent associations with 
microorganisms that variously synthesize essential nutrients or digest and detoxify 
ingested food (Douglas 2009). These persistent relationships are symbioses, and the 
species of the genus Enterobacter often plays a leading role (Table 2). Endosymbiotic 
Enterobacter species add nutritional supplements to their host diet, most of the times 
in cooperation with other members of the insect gut microbiota, like Klebsiella, 
Pectobacterium or Citrobacter. In these interactions, the primary nutrient contributor 
may switch between the various bacterial species of these genera. 
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Table 2. Enterobacter species provide nutritional supplements to their host diet 
Strain 
Species Accession Host Function Reference 
Number 
Formosan E 
E. agglome- Not Coptotermes subterra- i E POR And 
a P us Nitrogen-fixing Breznak 
rans available formosanus Shiraki nean 1977 
termite 
Coptotermes 
acinaciformis 
(Frogatt), 
Coptotermes 
lacteus 
(Froggatt), 
Cryptotennes 
primus Hill, 
Not Heterotermes A P A Eutick et al. 
E. sp. available ferox (Froggatt), Termites Nitrogen-fixing 1978 
Mastotennes 
darwiniensis 
Froggatt, 
Nasutitermes 
graveolus (Hill), 
Schedorhinoter- 
mes intermedius 
(Brauer) 
E. agglome- Dendroctonus 
rans terebrans (Olivier) 
Not D. frontalis ; “fyi Bridges 
Esp. available ads Bark beetles Nitrogen-fixing 1981 
E. Ips avulsus 
aerogenes (Eichhoff) 
Drew and 
Not Bactrocera tryoni Queensland , z Lloyd 1987; 
Eseloacas available (Froggatt) fruit fly Nitrogen-fixing Murphy et 
al. 1994 
Not Anoplop m Wood- i A Rizzi et al. 
E. sp. available chinensis boring Nitrogen-fixing 2013 
(Forster) beetle 
AB673459 Reticulitermes 
AB673457 speratus (Kolbe), 
Glyptotermes ; Recycling of uric Thong-On et 
E. sp. ABE fuscus (Oshima), mE acid nitrogen al. 2012 
AB673456 Cryptotermes 
domesticus 
(Haviland) 
Es AY847157 Ceratitis capitata Me d Nitrogen-fixin Behar et al. 
var: AY847162 (Wiedemann) fly 98 8 2005 
Reticulitermes PT 
= ; KC759162 chinensis Termite Lignin Zhou etal 
hormaechei degradation 2017 
(Snyder) 
10864378 Reticulitermes E Recycling of uric Fang et al. 
E. sp. chinensis Termite acid nitrogen 2016 
JX291546 (Snyder) g 
E Not Mastotermes 
aerogenes available darwiniensis Lignin Kuhnigk et 
Froggatt Tete degrdakioh al. 1994 
E. Not Reticulitermes er ` 
cloacae available flavipes (Kollar) 
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E Not Mastotermes 
available darwiniensis . 
Bree Froggatt ! Hemicellulose Schäfer et al. 
Tunes degradation 1996 
E. Not Reticulitermes 5 
sakazaki available flavipes (Kollar) 
E. Not 
aerogenes available Coptotermes aea Cellulose/Hemi- Adams and 
formosanus neah cellulose Boopathy 
E. Not Shiraki ; degradation 2005 
cloacae available termite 
ña EU305608 
aerogenes Cop torermes a Lignocellulose Ramin et al. 
curvignathus Termite A 
E Holmgren) degradation 2008 
EU305609 (Holmg 
cloacae 
E. Rhy nchop mE Red palm Cellulose Muhammad 
MF185378 ferrugineus E H 
cloacae ee weevil degradation et al. 2017 
(Olivier) 
Rhynchophorus Red palm Cellulose/Hemi- Butera etai: 
E. sp. JN167548 ferrugineus " cellulose 
s weevil ; 2012 
(Olivier) degradation 
Wood- 
feeding Lignocellulose Manfredi et 
E. sp. Us aa diia beetle degradation al. 2015 
larvae 
Cerambycidae, 
HM771083 Elateridae, 
HM771065 
HM771070 Rojas- 
HM771068 Coleoptera Cellulose/Hemi- Jiménez and 
E. sp. HM771104 ; cellulose n 
Passalidae and larvae : Hernández 
HM771106 Scarabacid degradation 2015 
HM771101 carabaeidae 
HM771061 
HM771048 
GU827537 
HM235482 Wood- 
E HM235485 Sirex noctilio feedin Cellulose Adams et al. 
SP. HM235491 Fabricius ane g degradation 2011 
HM235497 E 
E. 
asburiae, | KT957438- | Plutella xylostella | Diamond- | C*llulose/Hemi- | — xis et al, 
E. n cellulose 
43 (Linnaeus) back moth B 2017 
cloacae, degradation 
E. sp. 
Not Diestrammena Greenhouse Cellulose/Hemi- Mathews ot 
E. sp. available asynamora camel cellulose al. 2019 
v (Adelung) cricket degradation ` 
AB872360 Holotrichia Dark black Cellulose/Hemi- Sheng et al. 
E. sp. -384 parallela chafer cellulose 2015 
(Motschulsky) beetle degradation 
Not Coptotermes . Cellulose Toczylowsk 
E. cloacae ailabl curvignathus Termite desradati a-Maminska 
Ne ROS (Holmgren) EAS etal. 2015 
Plutella xylostella Diamond- Trehalose Adhav et al. 
di KGS12243 (Linnaeus) back moth hydrolysis 2019 
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Not Thermobia : Water and Woodbury 
E. cloacae available domestica Firebrat nutrients and Gries 
(Packard) | | | 2013a,b 
LJANO100 
0071 Bactrocera oleae Olive fruit Amino acids and Estes et al. 
E. sp. , ia: 
locus_taq:A (Rossi) fly vitamins 2018a 
C520 4801 
Ceratitis capitata Maru Augustinos 
E. sp. KR232642 (Wiedemann) d Probiotic etal. 2015 
E. KY810513 Mediterra- 
cloacae, Ceratitis capitata néan fruit Probiotic Hamden et 
E. (Wiedemann) 8 al. 2013 
asburiae KY810514 y 
RYA E Mediterra- TN 
E.agglome- Not Ceratitis capitata I oe Niyazi et al. 
rans available (Wiedemann) cus ErODIOUO 2004 
Zeugodacus 
E. sp. Not cucurbitae Melon fly Probiotic rao ca, 
available : 2017 
| (Coquillett) 
Stomoxys 
E. DQ228421- His Pare Mramba et 
Sükazakit 22 calcitr ans Stable fly Probiotic al. 2007 
| Linnaeus | 
E. Not Plutella xylostella Diamond- Probiotic Somerville 
cloacae available (Linnaeus) back moth etal. 2019 


3.1.1. Nitrogen Fixation 

A well-established contribution of Enterobacter species to nutrition is nitrogen 
fixation. Nitrogen fixation is a metabolic capability that is absent from the ancestral 
eukaryote and has been acquired by multiple eukaryotic groups through symbiosis. 
Many insects are known to live on low nitrogen diets, and microorganisms have been 
suggested to provide availability of these essential foodstuffs in various ways 
(Douglas 2009). 

Potrikus and Breznak (1977) identified two Enterobacter agglomerans strains 
from the guts of Formosan subterranean termites (Coptotermes formosanus). Nitrogen 
fixation appears to play an essential role in termite biology by helping them overcome 
deficiencies related to their nitrogen-poor diet (wood). The process was found to be 
linked to the termite gut bacteria since antibiotic treatment eliminated the function 
(Breznak et al. 1973). Strains C-1 and C-2 were characterized with electron 
microscopy and numerous biochemical assays, including sugar fermentation tests. 
The nitrogen-fixing ability of the strains was verified with acetylene reduction tests, 
in both aerobic and anaerobic (100% N» or 100% Ar) growing conditions, using 
different sources of nitrogen (peptone, NH4Cl, KNO:). In media lacking peptone, 
NH4CI or KNO3, nitrogen fixation by both strains occurred only under anaerobic 
conditions when 100% N2 was provided. When peptone, NH4Cl, or KNO; was 
provided in the media, fixation was taking place in both aerobic and anaerobic 
conditions (Potrikus and Breznak 1977). 


926 P. M. STATHOPOULOU ET AL. 


Nitrogen fixation by Enterobacter species was also identified in the gut of termite 
species from Australia (in seven out of nine species tested) (Eutick et al. 1978). The 
Enterobacter strains could grow on nitrogen-free media under anaerobic conditions, 
but also under aerobic conditions in the presence of H2SO0; (Eutick et al. 1978). 

Some years later, nitrogen-fixing Enterobacter agglomerans and Enterobacter 
spp. were isolated from various species of bark beetles, including Dendroctonus 
terebrans, D. frontalis and Ips avulsus (Bridges 1981). Even though large populations 
of nitrogen-fixing bacteria were found in the beetles, the in-situ assays in larvae did 
not reveal any acetylene reduction (Bridges 1981). 

In the wood-boring beetle Anoplophora chinensis, enrichment studies of adult gut 
homogenates for nitrogen-fixing revealed the presence of four Enterobacter strains 
(Rizzi et al. 2013). The adult insects used in the enrichment cultures were isolated 
from Acer saccharinum L. and Alnus host trees (Rizzi et al. 2013). 

Many microorganisms are valuable to the insect for their more comprehensive 
metabolic capabilities, including their capacity to utilize insect nitrogenous waste 
compounds (e.g. uric acid), synthesize ‘high value' nitrogenous compounds (e.g. 
essential amino acids) and fix nitrogen (Douglas 2009). Uric acid is another substance 
utilized as a nitrogen source in insects feeding on nitrogen-poor diets composed of 
plant material (Potrikus and Breznak 1981). In such a case, four uricolytic 
Enterobacter strains were isolated from the guts of three wood-feeding termite species 
(Reticulitermes speratus, Glyptotermes fuscus and Cryptotermes domesticus) (Thong- 
On et al. 2012). Bacteria with uricolytic activity were grown anaerobically on plates 
containing various concentrations of uric acid. Isolated strains, RsN-1, GfU-1, Cd20b 
and Cd15a, showed >98% identity with Enterobacter amnigenus, E. aerogenes, E. 
asburiae and E. cowanii, respectively (Thong-On et al. 2012). 

Enterobacter cloacae strains isolated from field-collected, and laboratory-reared 
Bactrocera tryoni (Froggatt) fruit flies showed dinitrogenase activity and were able 
to fix atmospheric nitrogen (Drew and Lloyd 1987; Murphy et al. 1994). Diazotrophic 
Enterobacter strains were also isolated from gut tissue of field-collected 
Mediterranean fruit flies Ceratitis capitata (Behar et al. 2005; Augustinos et al. 2021). 
However, the most potent nitrogen-fixing effect was produced by Klebsiella and 
Citrobacter species. Nitrogen fixation activity was estimated by a variety of methods, 
including acetylene reduction assays in live flies and bacteria grown on nitrogen- 
deficient media, amplification of the nitrogenase iron protein gene (nifH) from gut 
extracts and isolated colonies, as well as in situ expression and amplification of the 
nifH gene (Behar et al. 2005). 


3.1.2. Degradation of Plant Cell Wall Components 

Various Enterobacter strains are also able to provide nutrients to insects through the 
degradation of plant cell wall components (lignin, cellulose, hemicellulose) (Kónig et 
al. 2006). Lignocellulolytic Enterobacter species have been identified in plant or 
wood-feeding insects, like beetles, termites or wasps. 
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A ligninolytic Enterobacter strain was isolated from abdomens of adult 
Reticulitermes chinensis termites that use the plant cell wall polysaccharide in their 
diet (Zhou et al. 2017). Strain PY12, classified as E. hormaechei based on its 16S 
rRNA sequence, produced a lignin-modifying peroxidase (LiP), a key component in 
the lignin degradation pathway (Zhou et al. 2017; Janusz et al. 2017). The 
decolourization of six different dyes determined Lip activity by spectrophotometry. 
Since the study focused only on one of the ligninolytic enzymes in the pathway, it 
was not entirely possible to elucidate how strain PY12 contributes to lignin 
degradation and the possible synergies it develops (Zhou et al. 2017). 

Seven Enterobacter strains with the ability to degrade lignin and related aromatic 
compounds were identified in hindguts of various laboratory-reared and field- 
collected species of termites (Kuhnigk et al. 1994). Degradation was observed under 
aerobic conditions, while in the absence of oxygen, only slight modifications of the 
side group of aromatic compounds occurred (Kuhnigk et al. 1994). The strains were 
characterized as E. aerogenes (Km3 and KAn8), E. cloacae (Rt5a, Rt5b and Rt5c) 
and Enterobacter sp. (Rt3a and Rt3b). The first two were isolated from Mastotermes 
darwiniensis and the remaining five from Reticulitermes flavipes termites. Among the 
seven strains, Km3 and KAn8 exhibited the most significant degradation potential, 
with the ability to degrade nine out of 13 substrates tested (Kuhnigk et al. 1994). Apart 
from degrading lignin, strain Km3 also showed hemicellulose degrading activity 
(Scháfer et al. 1996). Hemicellulose was also degraded by Enterobacter sakazakii 
strain RA2 that was isolated from hindguts of wild R. flavipes termites from France 
(Scháfer et al. 1996). Interestingly, strain RA2 exhibited all (four out of four) enzyme 
activities that were tested and were related to polysaccharide degradation. On the 
other hand, strain Km3 lacked 1,4-P-xylanase activity (Schafer et al. 1996). In a 
particular environment, though, bacteria lacking members of the metabolic cascade 
could act synergistically with other strains present to fully degrade substances. 

The Formosan subterranean termite, C. formosanus contained E. aerogenes and 
E. cloacae strains that effectively utilized xylose as a carbon source (Adams and 
Boopathy 2005). Two strains isolated from Coptotermes curvignathus termites from 
Malaysia and identified as E. aerogenes and E. cloacae were able to degrade 
carboxymethylcellulose (CMC) and cellobiose (Ramin et al. 2008). Other 
lignocellulolytic strains identified in higher and lower termites belonged to the species 
E. aerogenes, E. agglomerans and E. cloacae (Kónig et al. 2006; Mannesmann and 
Piechowski 1989). 


3.1.3. Degradation and Biosynthesis of Other Nutrients 

In the diamondback moth Plutella xylostella, Adhav et al. (2019) characterized, 
structurally and biochemically, a trehalase from Enterobacter cloacae which assists 
in the hydrolysis of trehalose, a significant energy source in insect metabolism. 
Firebrat nymphs (Thermobia domestica) acquire water and nutrients by consuming 
Enterobacter cloacae, facilitating their growth and survival in the absence of food or 
water for up to 22 days (Woodbury and Gries 2013a,b). 
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Genome sequencing of Enterobacter sp. OLF (Table 3), isolated from wild 
California olive fruit flies, revealed genes related to the biosynthesis of amino acids, 
vitamins and co-factors, degradation pathways, nitrogen metabolism, as well as the 
production of energy and precursor metabolites (Estes et al. 20182, 2018b). 

This characterization could mean that the strain could potentially supply its host, 
in cooperation with other symbionts, with amino acids, vitamins or other nutritional 
compounds missing from the olive fruit diet (Estes et al. 2018a, 2018b). 


Table 3. Available genome sequences of Enterobacter symbionts from insects 


Accession Enterobacter Submission 
number Strain Host Status Date 
E. cancerogenus Galleria mellonella 
PRJNA420145 | CR-Ebl | (Linnaeus) | complete 2018 
PRJNA288712 | E. sp. OLF | Bactrocera oleae (Rossi) | complete — | 2018 
PRINA340971 | E.Larvl ips Ips typographus draft 2019 
| = | (Linnaeus) | | 
PRJNA390046 | E. sp. 10-1 | Cerambycidae | draft | 2017 
PRJNA364290 | E. JKS000234 | Formicidae | draft | 2017 
PRJNA364289  E.JKS000233 | Formicidae | draft | 2017 
PRINA179500 | E.hormaechei YT2 | Tenebrio molitor draft 2012 
| | (Linnaeus) | | 
PRINA180991 | E hormaechei YT3 | ZoPhobas morio draft 2013 
| | Fabricius | 
E. cancerogenus Tenebrio molitor 
PRJNA180988 | vz | (Linnaeus) draft | 2013 
PRINA169065 | E. sp. Agl oo gambiae draft 2012 


3.1.4. Probiotic Effects of Enterobacter 

The most recent contribution of Enterobacter strains to insect fitness and nutrition is 
their emerging role as probiotics in diets of mass-reared C. capitata and Zeugodacus 
cucurbitae flies. Such properties can be particularly useful in Sterile Insect Technique 
(SIT) applications where irradiation treatment takes a heavy toll on insect 
competitiveness if the dose administered is high. In this regard, strains that were 
provided as probiotics in diets greatly improved various fitness parameters of the flies 
including pupal weight, longevity, adult size, flight ability, and adult emergence 
(Niyazi et al. 2004; Ben Ami et al. 2009; Hamden et al. 2013; Yuval et al. 2013; 
Augustinos et al. 2015, 2021; Kyritsis et al. 2017; Yao et al. 2017; Cáceres et al. 
2019). For example, the provision of Enterobacter sp. strain AA26 resulted in 
increased production of pupae and adults, as well as reduced rearing duration in 
various developmental stages (from egg to pupa, pupal stage and from egg to adult), 
particularly for male C. capitata flies (Augustinos et al. 2015). However, it did not 
affect pupal weight, sex ratio, male mating competitiveness, flight ability or life span 
under food and water deprivation (Augustinos et al. 2015; Kyritsis et al. 2017). 
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Hamden et al. (2013) on the other hand observed increased pupal weight, male 
sexual performance and survival rates under food deprivation when they enriched the 
larval diet of mass-reared C. capitata with Enterobacter sp. and other beneficial 
bacteria (Klebsiella pneumoniae and Citrobacter freundii). In terms of mating 
competitiveness, irradiated males reared on probiotics achieved more matings and 
transferred larger quantities of sperm to females. Finally, in addition to pupal weight, 
probiotics also resulted in increased body size for adult males (head width, abdomen 
and thorax length) (Hamden et al. 2013). Niyazi et al. observed a diet-dependent 
probiotic effect on the mate-calling activity, mating success, life expectancy, and 
survival of mass-reared male C. capitata flies (Niyazi et al. 2004). The probiotic effect 
of E. agglomerans and K. pneumoniae on each of these parameters differed among 
the four diets that were tested (two standard adult diets and two enhanced 
experimental formulations), ranging from significant to non-existent (Niyazi et al. 
2004). Differences in the probiotic effect were also observed between the laboratory 
trials and the field-cage assay (Niyazi et al. 2004). 

Similarly, Yao et al. (2017) tested gut-associated Enterobacter spp. as probiotics 
in the larval diet of irradiated laboratory-reared Z. cucurbitae flies. Both live and 
autoclaved bacteria were tested to distinguish between insect-bacteria interactions and 
plain nutritional value of the probiotic effect. Application of the live bacteria 
increased female and male pupal weight, various morphological traits of adult flies, 
including head width and thorax length, as well as survival (Yao et al. 2017). In the 
case of survival rate, autoclaved bacteria resulted in a greater increase compared to 
live bacteria (Yao et al. 2017). 

Mramba and colleagues studied the effects of E. sakazakii on stable fly Stomoxys 
calcitrans development (Mramba et al. 2007). They observed that sterile media did 
not support any fly development and that the effect was reversed with the addition of 
E. sakazakii. However, an improved effect for fly development was mainly observed 
in cooperation with other microbial partners in non-sterilized media. The combination 
of non-sterile media and £. sakazakii resulted in a slight increase in the survival of 
larvae to the pupal stage, in pupal weight and adult emergence and also displayed 
increased duration of the larval and pupal stages compared to the non-sterile media 
without the inoculum with E. sakazakii (Mramba et al. 2007). 

A similar probiotic effect was observed in transgenic diamondback moth larvae 
(Somerville et al. 2019). The larvae that were grown on an aseptic diet (sterile diet 
and addition of streptomycin) and were inoculated with streptomycin-resistant E. 
cloacae JJBC exhibited increased pupal weight and production of progeny compared 
to an aseptic diet without the inoculum (Somerville et al. 2019). 

In Apis mellifera jemenitica Ruttner, however, the E. kobei strain that was 
examined for its probiotic effect did not manage to reduce mortality of bee larvae 
infected with Paenibacillus spores (Al-Ghamdi et al. 2018). 


3.2. Enterobacter and Protective Functions 


Insects live in close coalition with microorganisms, which immensely influence their 
ecology and evolution. Microorganisms, such as bacteria, archaea, fungi, protozoa, 
viruses, can be associated with their insect host permanently or transiently, and such 
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associations may be beneficial or harmful to the insects' fitness (Gurung et al. 2019). 
For instance, endosymbionts tend to be dependent on the hosts for obtaining nutrients, 
whereas they can provide fitness advantages in terms of nutritional components (see 
above), overcoming host defences, and protection from pathogens, parasites, or 
environmental stressors (Engel and Moran 2013; Mereghetti et al. 2017). 

The insect microbiota are also able to provide protective functions to their hosts, 
thereby influencing the proliferation of important human or animal pathogens (Table 
4), including Plasmodium, Trypanosoma, dengue, Zika, yellow fever or chikungunya 
viruses, inside the insect body with a variety of mechanisms, either indirectly, by 
causing innate responses ofthe insect immune system or directly, through competition 
for resources with the pathogen or the production of substances with anti-pathogenic 
effects (Dong et al. 2009; Moreira et al. 2009; Bian et al. 2010, 2013; Cirimotich et 
al. 2011b; Walker et al. 2011; Weiss and Aksoy 2011; van den Hurk et al. 2012; Zhang 
et al. 2013; Dennison et al. 2014; Frentiu et al. 2014; Aliota et al. 2016a, 2016b; Dutra 
et al. 2016; Tan et al. 2017; Kalappa et al. 2018). 


Table 4. Enterobacter species can provide protective functions to their hosts, aiding them to 
cope with abiotic and biotic stress 


Enterobacter 
Species 


Enterobacter sp. 


Enterobacter cloacae 
Enterobacter sp. 
Enterobacter cloacae, 
Enterobacter 
amnigenus 
Enterobacter ludwigii 
Enterobacter sp. 


Enterobacter ludwigii, 
Enterobacter asburiae 


Enterobacter 
agglomerans 


Enterobacter asburiae, 
Enterobacter cloacae, 
Enterobacter sp. 


Enterobacter sp. 


Enterobacter sp. 


Enterobacter cloacae 


Enterobacter cloacae 


Enterobacter 
amnigenus 


Strain Accession Number 


JF690924 


Not available 


| JQ680715 


Not available 


MF084966 MF084975 


EU693561 EU693573 


KX398658 KX398648 
KX398650 KX398654 
KX398657 


Not available 


KT957438 KT957439 
KT957440 KT957441 
KT957442 KT957443 


KX117074 


JX296530 KC977257 


KM878728 KM886372 
KM878717 


Not available 


Not available 


Host 


Anopheles arabiensis Patton 


Anopheles stephensi Liston 


Anopheles gambiae Giles 


Anopheles albimanus 
Wiedemann 


Delia antiqua (Meigen) 


Leptinotarsa decemlineata 
Say 


Helicoverpa zea (Boddie) 


Rhagoletis pomonella 
(Walsh) 


Plutella xylostella (Linnaeus) 


Leptinotarsa juncta Germar 


Leptinotarsa decemlineata 


Say 


Coptotermes formosanus 
Shiraki 


Glyphodes duplicalis Inoue et 


al. 


Anopheles dirus Peyton & 


Harrison 


Onion fly 


Mosquito 
Mosquito 


Mosquito 


Mosquito 


Colorado potato 
beetle 


Corn earworm 


Apple maggot fly 


Diamondback 
moth 


| False potato 
| beetle 


Colorado potato 


| beetle 


Formosan 
subterranean 


| termite 


Mulberry pyralid 


Mosquito 
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These effects continuously draw attention as a means of controlling vector-based 
infectious diseases, like malaria or dengue virus, that are transmitted by Anopheles 
and Aedes mosquito vectors (Cirimotich et al. 2011a; Jayakrishnan et al. 2018; 
Saldaña et al. 2017). 


3.2.1. Enterobacter Anti-pathogenic Effects in Mosquitoes 

Among various bacterial strains that show anti-pathogenic effects, one of the best 
characterized is Enterobacter strain Esp. Z, which was isolated from the midgut of 
wild Anopheles arabiensis mosquitoes in Zambian populations. The Enterobacter 
strain inhibited Plasmodium development in the midgut by 98%, 99% and 99% before 
the ookinete, oocyst, and sporozoite stage respectively (Cirimotich et al. 201 1c). This 
response proved to be independent of the mosquito immune system since anti- 
Plasmodium genes, that are usually triggered during Plasmodium infections, showed 
similar activity in mosquitoes infected with Esp_Z or with non-inhibitory bacteria. 

Additionally, silencing of anti-Plasmodium genes with RNAi in mosquitoes 
infected with Esp Z did not result in Plasmodium oocyst development (Cirimotich et 
al. 2011c). The response also proved to be independent of bacterial retention of 
mosquito factors that are essential for Plasmodium development like, xanthurenic 
acid, iron and substances involved in fatty acid metabolism. Moreover, the inhibition 
effect was dose-dependent, both in vitro and in vivo conditions, with 10^ bacterial 
cells providing near-complete protection against parasite infection and coinciding 
with active bacteria replication (Cirimotich et al. 2011c). 

In view of the above, the inhibition activity was therefore hypothesized to be the 
result of anti-pathogenic substances. Indeed, the Enterobacter strain was found to 
produce Plasmodium-killing (Luckhart et al. 1998; Kumar et al. 2003; Peterson et al. 
2007; Molina-Cruz et al. 2008) reactive oxygen species (Cirimotich et al. 2011c). 
These molecules were not detected in non-inhibitory bacteria, and their effect was 
neutralized by antioxidants in Esp Z-containing insects, such as vitamin C and 
glutathione (Cirimotich et al. 2011c). 

On the other hand, Eappen et al. (2013) identified Enterobacter cloacae strains 
that inhibited Plasmodium development by activating a component of the immune 
system of Anopheles stephensi mosquitoes. More specifically, E. cloacae was able to 
induce the expression of a serine protease inhibitor (SRPN6) in the mosquito midgut. 
The effect was linked to bacteria that were acquired through feeding and were exposed 
to the luminal side of the midgut epithelium, whereas bacteria injected in the 
haemocoel and exposed to the basal surface of the midgut epithelium were incapable 
of SRPN6 induction (Eappen et al. 2013). Unlike strain Esp Z, the E. cloacae strains 
did not interfere with Plasmodium ookinete formation, but with the differentiation of 
ookinetes into oocysts after they traversed the midgut epithelium. Silencing of the 
SRPN6 gene resulted in an increase in the number of Plasmodium oocysts and 
increased prevalence of infection, implying that additional immune components are 
likely to participate in the inhibition process by E. cloacae (Eappen et al. 2013). 
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In field-collected Anopheles gambiae mosquitoes from Cameroon, Enterobacter 
spp. bacteria isolated from their midgut reduced Plasmodium falciparum oocyst 
intensity and prevalence by 35% and 15%, respectively. However, the reduction in 
infection was lower when parasite exposure was higher (Tchioffo et al. 2013). 

Enterobacter bacteria that were isolated from the midgut of field-collected 
Anopheles albimanus mosquitoes in Mexico suppressed Plasmodium vivax infection 
in the insectary and field-collected samples (Gonzalez-Ceron et al. 2003). After seven 
days of treatment, E. cloacae and E. amnigenus 2 reduced Plasmodium infection by 
17 and 53 times compared to control mosquitoes, respectively. Additionally, E. 
cloacae infected mosquitoes showed 2.5 times lower Plasmodium oocyst density than 
the controls (Gonzalez-Ceron et al. 2003). 


3.2.2. Enterobacter Effects in Herbivorous Insects 

Two Enterobacter ludwigii strains (B424 and B539) that were part of the natural gut 
microbiota of the onion fly Delia antiqua collected from garlic fields in China, 
showed inhibitory effects against Beauveria bassiana (Balsamo), an 
entomopathogenic fungus that is used as a biocontrol agent in pest management 
applications (Valero-Jiménez et al. 2014; Zhou et al. 2019). The vital role of the 
bacterial symbionts of D. antiqua on the larvicidal potential of B. bassiana, was 
determined by first examining axenic (bacteria-free) and non-axenic larvae infected 
with the fungus (Zhou et al. 2019). In this case, treatment with the pathogen did not 
affect the survival of non-axenic larvae but indicated a significant reduction in the 
survival of axenic larvae. Furthermore, axenic larvae inoculated with microbiota were 
characterized by significantly higher survival rates than non-inoculated axenic larvae, 
when both were infected with the fungus (Zhou et al. 2019). Following the above 
tests, symbiotic bacteria were isolated from the surface and guts of the onion fly, and 
certain strains were tested for their anti-fungal effect. The Enterobacter strains 
strongly inhibited (ca. 70-99%) conidia germination and the hyphal growth of the 
entomopathogen fungus B. bassiana. Additionally, as expected from the previous 
tests, inoculation of axenic larvae with strain B424 significantly increased survival 
rate against the fungal infection (Zhou et al. 2019). 

Similar observations were made with the Colorado potato beetle Leptinotarsa 
decemlineata fourth-instar larvae that were field-collected in Maryland and Virginia, 
USA (Blackburn et al. 2008). Enterobacter sp. strains 2B1C and 2B2D that were 
isolated from larval faecal fluid were found to inhibit two entomopathogens, 
Photorhabdus temperata Fischer-Le Saux et al. and the fungus B. bassiana. P. 
temperata is a bacterial symbiont of the entomopathogenic nematode Heterorhabditis 
marelatus Liu & Berry which can be used to suppress the Colorado potato beetle. 
However, in the presence of the Enterobacter strains the nematode fails to complete 
its reproductive cycle in the beetle, possibly due to the inhibition of P. temperata 
(Armer et al. 2004). The in vitro tests were based on comparing on PP3 agar plates 
(Bacto® Proteose Peptone) the growth of P. temperata and B. bassiana conidia in the 
presence of each Enterobacter strain. Both strains reduced the growth of P. temperata 
by approximately 33% while at the same time, strain 2B1C and 2B2D reduced fungal 
growth by almost 80% and 42.5% respectively (Blackburn et al. 2008). 
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Enterobacter strains have also been recognized as essential factors in shaping 
interactions between herbivorous insects and plants, by either activating or 
suppressing plant defences. In such a case of activation, laboratory-reared 
Helicoverpa zea larvae inoculated orally with an Enterobacter ludwigii strain were 
found to activate tomato plant Solanum lycopersicum defences (Wang et al. 2017). 
The strain was isolated from oral secretions, the regurgitant, of field-collected H. zea 
larvae in Rock Springs, Pennsylvania, USA. The E. ludwigii strain along with an E. 
asburiae strain were found to increase the activity of glucose oxidase (GOX), a 
molecular signal that induces plant defences in response to herbivory, in the labial 
glands of laboratory-reared larvae (Wang et al. 2017). Even though direct application 
of both strains on wounded tomato plants resulted in suppression of polyphenol 
oxidase (PPO) activity, a plant defence component which is regulated by jasmonic 
acid (JA), when tomato plants were damaged by E. ludwigii-inoculated larvae, they 
showed an increase in JA-regulated genes (proteinase inhibitor II (Pin2), cysteine 
proteinase inhibitor (CysPI) and polyphenol oxidase F (PPOF)), and a suppression in 
salicylic acid (SA) response (pathogenesis-related protein 1 (P4), Pr/a (P4)). 
Suppression of JA-mediated response proved to be dose-dependent, with high bacteria 
concentrations producing significant results when applied directly on the plant. 

In the diamondback moth, two Enterobacter species, E. asburiae and E. cloacae, 
encoded all the genes related to the aerobic pathway for catechol degradation and 
could significantly degrade phenol in vitro (Xia et al. 2017). These compounds are 
important plant defence compounds of Brassica plants as they are toxic to insects (Xia 
et al. 2017). 

In a contrary case of suppressing plant defences, in antibiotic-treated laboratory- 
reared false potato beetle (Leptinotarsa juncta) larvae, Enterobacter inoculation 
reduced JA-regulated gene expression (PPO) in tomato leaves (non-preferred host, S. 
lycopersicum), but did not have any effect on horsenettle (preferred host, Solanum 
carolinense Linnaeus) (Wang et al. 2016). Damage to leaves by untreated false potato 
beetle larvae or application of their oral secretions to wounded leaves resulted in 
reduced PPO activity in both plants compared to antibiotic-treated larvae (Wang et al. 
2016). Additionally, direct application of Enterobacter on wounded leaves suppressed 
JA-regulated PPO and CysPI expression and increased SA-regulated Pr] expression 
in tomato, but not in horsenettle (Wang et al. 2016). 

Similarly, Chung et al. (2013) observed that damage caused to tomato plants by 
antibiotic-treated Colorado potato beetle larvae increased JA-regulated gene 
expression (CysP/ and PPOF/B) and a decrease in the SA defence response (Pr/ (P4)) 
compared to untreated larvae. Additionally, lower PPO activity was observed when 
oral secretions of untreated larvae were applied on mechanically wounded plants. 
These observations suggested that bacteria in oral secretions of the Colorado potato 
beetle suppressed the JA-mediated defence mechanism. Indeed, an Enterobacter 
strain that was isolated from larval oral secretions suppressed JA-mediated 
antiherbivore defence response (PPO) in tomato plants when it was inoculated in 
antibiotic-treated Colorado potato beetle larvae (Chung et al. 2013). 
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As Enterobacter strains form extremely stable relations with insects by constituting a 
prevalent portion of their gut microbiota, they can function as vectors for the 
introduction of functional genes that could be useful for multiple applications, 
including pest population control (Wilke and Marrelli 2015). 

Such a system was examined in Enterobacter cloacae species isolated from the 
guts of Formosan subterranean termites in Hawaii (Husseneder and Grace 2005). The 
bacteria were transformed with a recombinant plasmid containing genes encoding 
ampicillin resistance and green fluorescent protein (GFP) and were fed to termite 
workers from three colonies (Husseneder and Grace 2005). The infection was 
established rapidly, with 90-100% of termite workers containing transformed bacteria 
12 h after feeding, which persisted in the population for up to 11 weeks. Moreover, 
fluorescent microscopy revealed that the ingested bacteria expressed the GFP gene in 
the termite gut. Transformed bacteria were efficiently transferred through a colony, 
with infection rates reaching 80-100% after six days, even when the initial ratio 
between infected and uninfected termites was low. Recombinant bacteria were also 
transferred into the soil by infected termites but declined rapidly within four to five 
weeks (Husseneder and Grace 2005). 

In another example, Enterobacter cloacae straia WBMH-3-CM' was transformed 
with plasmids containing the ice nucleation gene inaA of Erwinia ananas IN10 and 
were ingested by larvae of mulberry pyralid Glyphodes duplicalis (Watanabe et al. 
2000). Ice nucleation genes increase the supercooling points and reduce the tolerance 
of overwintering insects to cold, resulting in death by freezing. The supercooling 
points of mulberry pyralid larvae treated with the transgenic E. cloacae strain were 
higher than E. ananas-treated larvae, and their mortality rate reached 64.3% after 2 h 
exposure at -5?C and eventually increased to 95.2-100% after 6 and 18 h of exposure 
(Watanabe et al. 2000). 

In Anopheles dirus larvae, Enterobacter amnigenus bacteria 1solated from their 
gut tissue were transformed with the mosquito-larvicidal toxin of Bacillus sphaericus 
2297 (Khampang et al. 2001). The fragment encoding the binary toxin was inserted 
into various plasmids, under different promoters in order to improve expression 
levels. E. amnigenus carrying a recombinant plasmid with the native B. sphaericus 
promoter exhibited the highest toxicity among the plasmids that were tested and 
proved to be 20 times more effective than B. sphaericus 2297 (Khampang et al. 2001). 


5. INSECTICIDAL ACTIVITY OF ENTEROBACTER 


Apart from their beneficial impact on host fitness as members of the insect gut 
microbiota, Enterobacter strains may also exhibit insecticidal activity even against 
their hosts, functioning as biocontrol agents in pest management applications 
(Table 5). 
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The shift in the behaviour of otherwise beneficial symbionts could be due to 
changes in the composition or location of the insect gut microbiota. Several examples 
of entomopathogenic Enterobacter strains have been documented. Among them, E. 
cloacae strain SL11 caused 30-73% mortality, depending on bacteria concentration, 
when fed to larvae of its host Spodoptera litura (Thakur et al. 2015). The strain also 
had a negative impact on essential fitness parameters of S. litura progeny, including 
development from larva to adult, growth rate, life span, morphology and reproduction. 
The pathogenic E. cloacae strain dominated the gut microbiota in infected insects, 
caused a reduction in the number of haemocytes and produced immune responses of 
phenoloxidase and lysozyme (Thakur et al. 2015). 


Table 5. Enterobacter species providing insecticidal activity 


Enterobacter Strain 
é Accession Host Function Reference 
Species 
Number 
Enterobacter Spodoptera Tobacco Thakur et al 
KP058541 litura 9 Insecticidal effect ` 
cloacae e cutworm 2015 
| (Fabricius) | | | 
Enterobacter P a 
hormaechei, GU906249 ya het polus T Insecticidal effect Gokce et al. 
Enterobacter GU906251 : : j bi eee 2010 
p (Linnaeus) beetles 
Bemisia | 
Enterobacter E argentifolii Silverleaf ur Davidson et 
loicic Not available Bellows & whitefly Insecticidal effect al. 2000 
Perring | | | 
. . | Hazelnut Bahar and 
pila Not available i ea "5 | and walnut | Insecticidal effect Demirbag 
id | | | twig borer | | 2007 
Cimbex m 
Enterobacter KM979225 quadrimaculatus| Sawfly Insecticidal effect So Stal, 
sp. E 2015 
| | (Müller) | 
Enterobacter Spodoptera I M Cakici et al 
aaa JQ066777 littoralis QUOD | Insecticidal effect | ^^ 4L St at 
sp. ] leafworm 2015 
(Boisduval) | | | 
. Euproctis : 
lidad Not available chrysorrhoea Arial Insecticidal effect Maman etal. 
aerogenes . moth 2000 
(Linnaeus) | | 
Enterobacter AF306521 Myrmel eon bore Antlion Insecticidal effect Yoshida et al. 
aerogenes (Tjeder) 2001 


Enterobacter strains with pathogenic effect against their host cause mortality in 
variable degree. In leafroller weevil beetles Rhynchites bacchus two Enterobacter 
strains (E. hormaechei Rb3 and Enterobacter sp. Rb5) caused 1396 mortality (Gokce 
et al. 2010) in the silverleaf whitefly, Bemisia argentifolii, E. cloacae WFA73 
produced 34% adult B. argentifolii mortality after 24 h and 75% after 48 h (Davidson 
et al. 2000). E. cancerogenus O111 caused 15% mortality in larvae of the beetle 
Oberea linearis ten days after treatment (Bahar and Demirbag 2007). 
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The larvicidal effect of Enterobacter sp. CQ4 resulted in 58% mortality within ten 
days of third instar larvae of Cimbex quadrimaculatus (Cakici et al. 2015). In the 
cotton leafworm Spodoptera littoralis, Enterobacter sp. SL4 showed low larvicidal 
activity (17%) against third instar larvae, ten days after treatment (Cakici et al. 2014). 
Finally, an Enterobacter aerogenes isolate from the brown-tail moth Euproctis 
chrysorrhoea caused 45% mortality in third/fourth instar larvae (Yaman et al. 2000). 

Yoshida et al. (2001) identified a mechanism of insecticidal activity based on a 
paralysing toxin that was produced by Enterobacter aerogenes bacteria contained in 
the saliva of Myrmeleon bore larvae. The 63 kDa protein assists larvae in capturing 
their prey and shows homology to the heat shock protein GroEL of Escherichia coli. 
The two proteins share similar sequences that contain only a few differences, in 11 
residues and the carboxy terminus. A series of individual mutations revealed crucial 
residues for toxicity. Specific substitutions resulted in the loss of insecticidal activity 
of the E. aerogenes protein or the development of toxic effect by the otherwise 
harmless GroEL chaperone (Yoshida et al. 2001). 


6. ENTEROBACTER GENOMICS 


The number of available genome sequences from the Enterobacter taxon has not 
reached a threshold where comparative genomics can drive hypotheses and 
experiments. Recent progress in the genomics era resulted in one complete genome 
sequence of Enterobacter cancerogenus CR-Eb1 isolated from the larval gut of the 
greater wax moth Galleria mellonella (Chung et al. 2018). Also, there are several draft 
genome sequences of Enterobacter strains available from other insects (Table 3). In 
order to fully utilize the powerful analysis of comparative genomics and draft 
genomes from Enterobacter strains, more genomic and transcriptomic data are 
required from Enterobacter strains covering diverse functional roles. The availability 
of these genomes will be able to assist us in understanding their functional roles by 
defining their differences and similarities in gene content (Khamis et al. 2019). 

The availability of Enterobacter sequenced bacterial genomes will also allow a 
more profound understanding of their organizational features that are related to 
fundamental cellular processes such as coordinated gene expression, chromosome 
replication and cell division. Genomic data will provide the means to characterize the 
fluidity of bacterial chromosomes, including genome rearrangements that imperil the 
selective features of chromosome order. Furthermore, a high-density microarray can 
be developed for the analysis of expression and genome content in a wide variety of 
Enterobacter strains, both sequenced and not sequenced. 

Comparative genomics of more complete Enterobacter genomes will also allow 
studying the integration process from free-living to endosymbiont. Usually, symbiotic 
bacteria undergo drastic genetic, phenotypic, and biochemical changes, which can be 
detected by comparison with free-living relatives (Lo et al. 2016). Genome reduction, 
in some cases, is extremely strong, and it has generated the smallest bacterial genomes 
found to date; gene contents are so limited that their status as cellular entities 1s 
questionable (Latorre and Manzano-Marín 2017). It would be exciting to further 
improve our understanding of Enterobacter species! diversity in terms of their 
evolutionary history. 
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7. CONCLUSIONS 


More than a hundred years of biological research has demonstrated the importance of 
microorganisms in the health and disease of higher organisms. Similarly, insects have 
symbiotic interactions that enable them to exploit unusually limited nutritional 
resources. In particular, recent findings suggest that symbiotic associations between 
insects and Enterobacter species may be beneficial to host fitness because of their 
various abilities to hydrolyse and ferment carbohydrates, catalyse nitrogen fixation, 
and produce vitamins and pheromones. 

Also, the dominance of Enterobacter indicates an essential role in the protection 
of the insect host, or its nutritional resources, against parasitoids or predators, and also 
in terms of the interference in the transmission of malaria and other vector-borne 
diseases. 

This review summarized our current knowledge of the relationship between 
Enterobacter and insect hosts. Characterization, exploitation and management of the 
insect-Enterobacter symbiotic associations can significantly contribute to and support 
integrated pest management applications for the control of agricultural pests and 
disease vectors. 

To further decipher the Enterobacter-based symbiotic interactions we propose a 
systems biology approach in which, in silico predictions based on genomic analyses 
and phylogenetic information will be assessed by transcriptomic, proteomic, and 
metabolomic analyses. This information is considered essential for the success of 
downstream field applications. 
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Citrus reticulata .....36, 145, 146, 491 
Citrus sinensis...35, 36, 146, 150, 491 


Citrus sinensis brasiliensis .......... 146 
Citrus tangerina .............. esses 146 
Clostridia ...................susss 917, 920 
Coccinella septempunctata ............ 12 


Cochliomyia hominivorax...113, 305- 
315, 336, 443, 470, 814 

Coffea arabica ................. esses 484 

Coleoptera...283, 375, 507, 509, 513, 
657, 924 

Coptotermes acinaciformis .......... 923 

Coptotermes curvignathus....924, 927 

Coptotermes formosanus ..... 923-925, 
927, 930 


Coptotermes lacteus .................... 923 
Coquillettidia richiardii............... 449 
Cosenzatdni uta 921 
Cronobacter sens 921 
Cryptoblabes gnidiella ................ 594 
Cryptotennes primus .................... 923 
Cryptotermes domesticus......923, 926 
Cullen sites Mitel HERE 390 
Culex laticinctus ................... sess 735 
Culex nigripalpus ................. es 323 


Culex pipiens....372, 374, 385, 449, 
735, 846 

Culex pipiens fatigans ................. 444 

Culex pipiens pallens................... 472 

Culex quinquefasciatus....323, 327, 
372, 373, 408, 444, 472, 758 


CulexiQarsalisc zu sees 408 
Culex torrentium............... eee 449 
Culicidae.:. euni 507, 509, 510 
Culiseta alaskensis ...................... 449 
Culiseta bergrothi........................ 449 
Culiseta morsitans ............ esses. 449 
Culiseta ochroptera ..................... 449 
Curculionidae.............. nt 509 


Cydia pomonella...111-125, 216, 221, 
223, 443, 785, 779, 896 


Danaus plexippus............ esee 813 
Daphne gnidium........................... 582 
Delia antiqua ............... 121, 930, 932 


Dendroctonus frontalis ........ 923, 926 

Dendroctonus terebrans ...... 923, 926 

Diachasmimorpha feijeni............. 153 

Diachasmimorpha longicaudata. 201, 
202, 208, 210, 215, 225, 913 


Diaphorina citri ................ 33-46, 914 
DICK CVG Act cnet edes 921 
Diestrammena asynamora ........... 924 
Diocalandra frumenti .................. 541 
Diptera ................. 509, 510, 513, 897 
Dirofilaria immitis ....................... 322 
Dociostaurus maroccanus ........... 765 
Doryctobracon areolatus ............. 225 
Drosophila ................... 473, 845, 848 


Drosophila melanogaster...473, 796, 
813, 817, 824 

Drosophila simulans .................... 844 

Drosophila suzukii373, 513, 813, 817, 
818 


Drosophilidae....................... 375, 513 
E 

Edwardsiella cuina 92] 

Eichhornia crassipes.................... 320 

Blatter dae’ is se cipe eei reus 924 

Encyrtidae..... sees 17, 18, 23 

Enterobacter...... esse 917-937 


Enterobacter aerogenes ....... 923-927, 
935, 936 

Enterobacter agglomerans ...925-930 

Enterobacter amnigenus.....926, 930, 
932, 934 

Enterobacter asburiae..924-926, 930, 
933 

Enterobacter cancerogenus...... 928, 


935, 936 
Enterobacter cloacae ............ 922-935 
Enterobacter cowanii................... 926 
Enterobacter hormaechei....923, 926, 
928, 935 
Enterobacter kobei....................... 929 


Enterobacter ludwigii .. 930, 932, 933 
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Enterobacter sakazakii..925, 927, 929 


Enterobacteriaceae................ 921, 922 
Epiphyas postvittana ............ 515, 789 
Episyrphus balteatus ..................... 12 
Erebidae........ 510, 514, 551, 552, 788 
Enapondae.... eei 23 
Eriosoma lanigerum .................... 216 
I2 4777177; P 921 
Erwinia ananas.............. eese 934 
Escherichia 921 
Escherichia coli........................... 936 
Eugenia involucrata .................... 219 
Euphorbia. iiie 294 
Eupoecilia ambiguella................. 594 
Euproctis chrysorrhoea ........ 935, 936 
Ewingella. eet 921 
F 
Feijoa sellowiana ........................ 219 
Ferrisia virgata .............. sess 20 
Firmicutes..................... 917, 920, 921 
Formicidae.................... 509, 510, 928 
Fortunella crassifolia .................. 146 
G 
Galleria mellonella....... 240, 928, 936 
Gambusia ............ e 328, 329, 350 
Gambusia affinis............... esses 350 
Gambusia holbrooki ............. 327, 328 
Gammaproteobacteria...917, 920, 921 
Gibbsiella ................. esses 921 
Glossina........ 113, 240, 373, 471, 857 
Glossina austeni ........... 290, 470, 861 
Glossina fuscipes fuscipes .... 862-864 
Glossina morsitans ............. sess. 472 
Glossina morsitans centralis ....... 862 
Glossina morsitans morsitans ..... 864 
Glossina pallidipes ...................... 864 
Glossina palpalis ......................... 861 
Glossina palpalis gambiensis .....275- 
300, 862, 863, 865 
Glossinidae ........................... 509, 510 
Glyphodes duplicalis ............ 930, 934 


Glyptotermes fuscus ............. 923, 926 


Gossypium barbadense ...... 56, 66, 78 

Gossypium hirsutum ................ 56, 74 

Grapholita molesta...216, 612, 779, 
786, 896 


Gryllus bimaculatus ..................... 813 
H 
Haemaphysalis longicornis.......... 261 
Haemaphysalis micropla ............. 254 
Haematobia exigua ............... 463-477 
Haematobia irritans...... 234, 463-465 
Haematobia minuta...................... 465 
Haematobia thirouxi potans ........ 465 
Hafniae iiie 921 
Halyomorpha halys .............. 121, 513 
Harmonia axyridis ossee 12 
Helicoverpa armigera .................. 658 
Helicoverpa zea ........... 896, 930, 933 
Heliothinae......... nne 779, 783 


Hemiptera...3, 4, 17, 18, 375, 509, 
513, 657, 658 


Heterorhabditis ............................ 240 
Heterorhabditis marelatus ........... 932 
Heterotermes ferox ossee 923 
Holotrichia parallela ................... 924 
Hymenoptera: .cccccasvesasecsnee 509 
I 
Icerya purchasi ............ esses 657 
IPS avulsus ...... eese 923, 926 
Isoptera .. nehmen 509 
Ixodes scapularis ...................ssss 260 
Ixodidae ....................... 252, 509, 510 
K 
Klebsiella ..................... 921, 922, 926 
Klebsiella pneumoniae................. 929 
KW Wer iiti tenes 921 
L 
Lactobacillus eii 920 
Leclendid eet: 921 


SCIENTIFIC NAME INDEX 955 


Leminorella,. nies 92] 

Lepidoptera...93, 94, 113, 237, 283, 
375, 505-510, 513-115, 551, 555, 
562, 585, 658, 779, 813, 897 

Leptinotarsa decemlineata ...930, 932 

Leptinotarsa juncta ............... 930, 933 

Lobesia botrana581-594, | 597-613, 
779, 787 


Locusta migratoria ................. ess. 765 
Lonsdalea ..............essesess 921 
Lucilia cuprina ............. 313, 471, 816 
Lycosa pseudoamulata .................. 12 
LymahtFla aee n rn 515 


Lymantria dispar...510, 511, 515, 
551-559, 779, 788 


Lymantria pelospila..................... 896 
Lymantriinae ........ 506, 509, 510, 514 
Lysinibacillus (Bacillus) 
sphaericus......... esee 331 
M 
Macrochelidae ............................. 240 
Mangifera indica .................. 168 
Mangrovibacter ................. esses 921 
Manihot esculenta .................... 17, 18 
Mansonia dyari............... esses 324 
Mansonia titillans........................ 324 


Mastotermes darwiniensis...923, 924, 
927 


Melitara i eene. 572 
Moellerella..... scs 921 
Morganella ....................... esee 921 
Musca autumndlis..icccccccccccccccccceee 234 


Musca domestica...234, 813, 815, 
852 


Muscidifurax raptoroides ............ 240 
Myrmeleon bore ................... 935, 936 
MYZUS DEFSICAS ¿iria 3-14 
N 
Nasonia vitripennis..................... 848 
Nasutitermes graveolus ............... 923 
Nilaparvata lugens ............... 618-624 
Noctuidae ..................... 658, 783, 896 


Nymphalidae................................ 284 
O 
Oberea linearis ................. sees 935 
Obesumbacterium ................. sss 921 
Opuntia ires 561-576 
Opuntia triacantha....................... 563 
Orgyia anartoides ........................ 113 
P 
Pachnoda interrupta .................... 284 
Pachnoda marginata.................... 284 
Paenibacillus ora 929 
Palma incitan 540 
Panonychus ulmi.......................... 216 
PARO oie treten 921 
Parabasalid arent 921 
Paracoccus marginatus ........... 20, 25 
Paralobesia viteana ..................... 594 
Passalidàe:... iieri 924 


Pectinophora gossypiella......51-86, 
113, 443, 777, 779, 780, 784 


Pectobacterium .................... 921, 922 
Pentatomidae........................ssess 513 
Phaseolibacter cecen. 921 
Phenacoccus manihoti .............. 17-29 
Phoenix canariensis ..... 539, 540, 544 
Phoenix dactylifera ...... 539, 540, 544 
Photorhabdus................. eese 921 
Photorhabdus temperata .............. 932 
Physarum polycephalum .............. 847 
Pistia stratiotes soisin itea 320 


Plasmodium...95-800, 818, 919, 930- 
932 

Plasmodium falciparum....799, | 804, 
932 


Plasmodium vivax ................ eese 932 
Platyopuntià......iiueca cte 565 
Plesiomohas. ieri 92] 
Plutella xylostella ......... 924-927, 930 
Poecilia reticulata ....................... 350 
Polistomimetes minax ................. 146 
Poncirus trifoliata........................ 146 


Popillia japonica ......................... 896 
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PRESTO iet etes 921 
Prochiloneurus ............... eese 23 
Promuscidea unfasciativentris ...... 23 
Proteus vis Ie 921 
Providencia... ake 921 
Prunus persica iras 491 
Pseudaletia unipuncta ................. 896 
Pseudococcidae ........................ 17, 18 
Pseudococcus jackbeardsleyi ........ 20 
Psorophora ciliata....................... 324 
Psorophora columbiae ................ 324 
Psorophora ferox.............. esses 324 
Pyralidae,.. neis 562, 787 
Pyrus communis .......... esee 491 
R 
Rahnella: Res 921 
Raouliella;.. use 921 
Reduvindáae. rame 710 
Reticulitermes chinensis ....... 923, 926 
Reticulitermes flavipes.......... 923-927 
Reticulitermes speratus ........ 923, 926 
Rhagoletis.....150, 151, 164, 167, 217 
Rhagoletis cerasi .................. 151, 373 
Rhagoletis cingulata .................... 167 
Rhagoletis completa ............. 167, 168 
Rhagoletis fausta .................. sss 167 
Rhagoletis indifferens .................. 167 
Rhagoletis mendax ...................... 167 


Rhagoletis pomonella...121, 150, 151, 
168, 930 

Rhipicephalus annulatus....253, 258, 
259 

Rhipicephalus australis ........ 257, 466 

Rhipicephalus microplus....251, 254, 
256-259 


Rhipicephalus sanguineus ........... 256 

Rhodnius prolixus ................. 710, 711 

Rhynchites bacchus ..................... 935 

Rhynchophorus ferrugineus.....539- 
549, 765, 924 

Rodolia cardinalis ....................... 657 

Rutaceae ..eseseisireereroeos 34, 150 


S 
Saccharobacter ................ sss 921 
Saccharomyces cerevisiae ...415, 811 
Salmonella .................... esses 92] 
SUmsOnld. iuris 92] 
Saturnia Pyri iere 779 
Scarabaeidae iii 924 
Schedorhinotermes intermedius ... 923 
Schistocerca gregaria ........... 765-777 
1204771; PEE 921 
Shigella inicias: 921 
Shimwellia..................... assess 921 
Sideroxylon foetidissimum ........... 528 
Sigmphoridae......... dace 23 
Simarouba berteroana ................. 528 
DITOR HOCULIO scie eius 924 
Sodalis:x ssi etos 921 
Solanum carolinense.................... 933 
Solanum lycopersicum ................. 933 
Spalangia endius.................. 240, 913 
Spalangia gemina coccion. 240 
Spilonata ocellana ....................... 119 
Spirochetes......................ss 917,920 
Spiroplasma .......... sese 919 


Spodoptera frugiperda....765, 896, 
907 


Spodoptera littoralis ............ 935, 936 
Spodoptera litura ................. 813, 935 
Staphylinidae .........................ss 240 
Steinernema METRE ERE 240 
Stephanofilaria ............. 464, 474-476 
Stephanofilaria stilesi .................. 475 
Stomoxys calcitrans.....233-244, 472, 
473, 913, 925, 929 
Synanthedon myopaeformis ......... 121 
T 
Tamarixia radiata ............ 34, 41, 914 
latumella... i ione: 921 
Tenebrio molitor .......................... 928 


Tephritidae...130, 143, 161, 173, 174, 
198, 215, 375, 483, 507-514, 519, 
669, 693, 869, 896 

Terminalia catappa.............. 491, 528 
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Thaumatotibia leucotreta ..... 93-108, 


113, 291, 443 
Thermobia domestica ........... 925,927 
Thorsellia ................... esse 921 
Thysanoptera .................eeess 509 


Tortricidae...93-108, 111-125, 506, 
581-594, 597-613,779, 785-787 
Toxorhynchites rutilus rutilus..... 327, 

328 


TOXOlVDIla. «eicere 164 
Toxotrypana curvicauda .............. 167 
Irabulsiella occ peterent 92] 
Tremblayas sette ttu 919 
Triatoma dimidiata.709-712, 722-725 
Triatoma infestans ................ 710, 711 
Trichogramma ................ eese 612 
Iri0zQ erytFede esee 34 
Trogoderma granarium ............... 896 
Trypanosoma .......... eee 930 
Trypanosoma brucei brucéi......... 282 


Trypanosoma brucei gambiense .. 858 

Trypanosoma congolense .....277, 282 

Trypanosoma cruzi....710, 712, 724, 
725 

Trypanosoma vivax.......277, 282, 296 

Tuta absoluta .................. esses 658 


V 
Verrucomicrobia .................. 917, 920 
Vetiveria zizanioides .................... 621 
Ww 
Washingtonia .................. eese 544 
Wigglesworthia .................... 919, 921 


Wolbachia...154, 339, 353, 354, 367- 
394, 406-428, 444, 448, 449, 463, 
471-477, 639, 643, 732, 747-759, 
798, 803, 919 


Wolbachia pipientis ..................... 448 
X 

Xenorhabdus ............... esse 921 
Y 

ESA 921 

Yokenellà 1:35 ttes 921 
Z 

Zeugodaeus is 164 


Zeugodacus cucurbitae...113, ^ 153, 
165, 925, 928, 929 
Zophobas morio ............... suus 928 


Taylor & Francis 
Taylor & Francis Group 


http://taylorandfrancis.com 


Subject Index 


A 
DORON, ri 294 
rates. .284, 289 
ACATÍCIAES .... ues .252, 261 


acaropathogenic fungi.......................... 260 
acaropathogenic nematodes ................... 260 
SMA ca 
botanical . i 
coumaphios. 5: 2 ni rete tees 258 
doratnéctitis.. seo ese 
impregnated rollers .. 
AVETMME CT arresta 
organophosphates ........................... 256-258 
permethrin 
LESISTANC ES sco oio ovt Ends 
treatments 
Access and Benefit Sharing (ABS)......655-665 
accidental... eee memes 58, 562, 800 
female release..377, 379-382, 384, 386, 387, 
394, 395, 410, 411, 426, 427 
introduction... 551, 655-657 
movement... .552, 556 
pest export .. 


release..... 367, 379, 387, 394, 410, 552 
transport.. i922 
accreditation .... ..543 


phytosanitary . ...544 
schemes ..... 67] 
ACTO a EE AREE S ESES 520 
ACA rc .904-906, 910 
adaptive co-management ..................... 693-706 
adaptive management ..276, 297, 299, 859, 860 
adoption....... 112, 251, 256, 260, 261, 451, 680 
area-wide management ... 684-688, 889, 895 
automated insect surveillance ......... 891-894 
ecological engineering practices .....622-628 
genome targeted technology ........... 645-652 
GIS technology... coe 


knowledge-intensive technologies 
reactive vector control ......................ssse 


aerial spraying....61, 352, 469, 497, 515, 551- 
555, 606-608, 784, 904, 907, 910 
aerial applications 


bait Sprays inican 134, 486, 529, 530 
insecticides . . 59, 606, 607, 785 
latvicidés. uere 352, 440 


pheromones .................... 67, 604, 605, 609 
remotely piloted aircraft systems ........... 910 
aerial release i.e ere oerte 865 
PArASIOId Sesiones 913,914 
sterile flies.129-135, 202, 290-295, 913, 914 
sterile MOths corista 102 
asthe titros rar n eter 552 
VAE M 563,618 


Africa...17-21, 24, 29, 33, 34, 162-164, 253, 
300, 340, 350, 406, 470, 514, 765-767, 796, 
797, 804, 858, 859 


Central Africa. idas 165 

North Africa...165, 166, 552, 564, 582, 766, 
787 

northern Sahel.............. reete 769 


sub-Saharan....18, 93, 164, 465, 641, 799, 
857, 858, 861 
West Africa..19, 276-283, 766-772, 861-863 


African animal trypanosomosis .......... 276, 857 

African psyllid......................... 

agent-based simulations 

agriculture ....... 30, 83, 120, 658, 801, 810, 920 
college education ..................... esses 627 
contribution of biocontrol... .657,921 
digital technology sssri 891 
diversified............. so 19 
O O TO 169 
genome editing civic 819, 831 
greenhouse gas emissions... 
innovation systems thinking .......... 695, 698 
KDE catalans 163 
large-scale... 
PISCIS isa 260, 891, 907 
remotely piloted aircraft systems ....903-915 
threat. i etos cre 108, 765, 768 

agricultural 
commodities ........... 165, 169, 564, 582, 583 
diversification... riii 171 
IU oc rnc re tns 120, 694 
intensification. enen 405 
quarantine... 
e es 

air 
borne disruptant....... eee eee 786 
borne laser-scanning....................... 437 
DOMME ScoutIng:.. «serere 904 


braking collection system ...................... 100 


960 SUBJECT INDEX 


temperature time series 


A 449, 574 
atréraft i. usos 56, 68, 69, 202, 203, 606, 686 
autopilots ........ ceret 905-907, 909 
Beechcraft King Air 90.......................... 532 
DIMPS eaan 905 
Cossa DO ranita 63 
drones.....223, 260, 421, 450, 774, 775, 777, 
904, 908 
Douglas DESC 335 
fixed-wing...102, 103, 131, 290, 774, 905, 
906, 913 
fixed-wing airplanes ........ 19, 334, 352, 450 
gyrocopters ..... 102, 103, 105, 135, 290-292 


helicopters..102, 103, 135, 332, 333, 438- 
440, 450, 454, 905-907, 911-913 
A tete 
parafoils .. 
payload capacity 
Piper Pawnee .... 
Perlas seats 63, 103, 440, 450, 910 
unmanned systems ......................... 903-915 
Albania 


Algeria, Hoggar Mountains . a 
algorithms... te esto tes 

DECIS OM ironia — 

density-based clustering.. 

machine learning... ete 
Allee 

effects... ce eis 554, 555, 590, 782, 877 

threshold vincia 555 
alliance technology .............................. s 805 
alliances , 

cin m — 179, 183 
all-terrain vehicles ...................... 102, 910, 912 
almond mois 373 
almonds sse temi ee iot ed 787, 788 
altitude...... .130, 145, 216, 484, 489, 500 

A snap 199, 491 

of applications... reirnos 334 


of flight... 905-907 
Amazon .... .348, 466 
DAM iii 309,311 


Basin.... ... 307, 309, 311, 314 
North and South Amazon regions .. 309, 310 
Americas..33, 93, 164-189, 258, 309, 340, 342, 
405, 406, 466, 470, 582, 710, 748 
amino acid 
nodi pe 847 
SUDSÉLULIOTIS ;. Sart 313 


anaerobiC iseni HE 
Conditions. «eee ror etie ee 
facultative, aod sie RR 
fermentation .. 
analogue... 
anaplasmosIS: 2c secos inennim e 
anautogenous... 
Andes mountains 


anthrODOBEnIO eiie rre etti eerie 
O e NERO 
gases 
anthropological study ...............................—. 720 
AMD «copre chem 375, 387, 825 
treatment. 372, 925, 933 
antibodies: sce cT 298, 349 
anti-fungal..... iecit 932 
A eoe 259 


antioxidants ..... .170, 931 
anti-pathogenic ..................... sese 930, 931 
effector GENES «noon 818 
SUDAN ose me rd RAT 931 


anti-tick vaccines ..256-259 
antivirals.......... 409, 748, 825 
O mem 935 
A 23, 505, 510 
Catpenler. ios oem on eere Tere eine 919 
nest choice.. ee 


mass-rearing es 

Viral SC V I 3,4 
apoptosis... o ener ede 816 
apple clearwing moth ............................... 121 
apple maggot ............... 121, 150, 151, 167, 930 


apples....112-121, 150, 179, 181, 215-226, 785, 
786, 790 


Approximate Bayesian Computation.......... 309 
cur EE 921 
ecosystems.. ¿239 


environment... 
habitat......... 
invertebrates .. 
organisms ... 


plants... ..236 
systems .. 800 
IWECUS e, mee bevor E T 320 
Arabian Peninsula... 34, 766, 769 
Arabian Sede ue eer ern TDI 767 
arbovirus...... 326, 340, 341, 357, 379, 386, 731 
A 326, 335 
A O 635 
endemic countries. ..428 
TINT OC HONG) eno env ana E 409 


SUBJECT INDEX 961 


Outbreak... ste 337, 346, 406 

prevalente sumadas 

surveillance.... 

(AnS SSO tod 

VOCIOIS uo 367, 373, 385, 443 
archaea .... 812, 918, 929 


Lic — 314 
application....3-14, 121, 171, 174, 179, 243, 
381, 385, 535, 539, 582, 788, 792, 872 
approach...33-46, 54, 62, 103, 112, 120, 251, 
254, 305, 348, 469, 475, 477, 531, 608, 
786, 792 
control....35, 115, 140, 254, 370, 433-455, 
463-477, 585, 590, 594, 684, 827, 860 


COMETA cnica 290, 352, 455, 605 
eradication......78, 519-537, 561-577, 581- 
596, 790 


integrated pest management.17, 30, 93-108, 
221-223, 275-300, 306, 369, 407, 443, 
484, 502, 557, 859, 889-900, 903-915 

integrated vector management.354, 709, 732 

management....129-140, 143-155, 197-212, 
216, 233-244, 252, 306, 597-613, 669- 
689, 765-777 

management programmes.....161-189, 237- 
239, 244, 257, 311, 552, 779-789, 894 

pest management....111, 254, 618, 628, 776, 
777, 822, 831 

resistance management ....................... 52-87 

suppression....3, 66, 73, 113, 597, 675, 681, 
737, 890, 892 

Argentina...34, 131, 167, 180, 217, 222, 223, 

340, 466, 535, 582, 787, 821 

Asociación de Cooperativas Vitivinicolas 


Argentinas nenii 602 
Buenos Aires, southern ......................... 601 
Catamarca P 
Corporación Vitivinícola Argentina....... 602 
Federación de Cooperativas Vitivinícolas 

A dt 602 
Instituto de Sanidad y Calidad 

Agropecuaria de Mendoza ......... 597-613 
Instituto Nacional de Vitivinicultura......602 
prn 601 
LaPa ioci ori eese 601 
Ea Riola iii 601 
Mendoza. 181, 188, 597-613 
Neuquén...... ...601 
north-eastern.. .. 188 
DOrthetn «osa eene aviación 307 
Patagonia .. 177, 181, 182, 188 
Rio Negro 5. oncoiona ten erre 601 
Sada 601, 602 
San ratas 188, 601, 602 
TUCU rd 601 


armyworms.. ..765, 766, 777, 896, 907 
artificial diet ninas 97,154, 567 


Asia....33, 93, 94, 143, 162-165, 340, 406, 466, 
555, 582, 748, 765, 766 


Asia MIN OF. irren tene 112 
Asian Institute of Technology.................. 20 
Central AStaisicsccescccazassesscctss 


citrus diseases 
A ec REL REN ENSE 


juri) c M — Ü 

pesticide marketing.. . 

rice planthopper pests ..................... 617-628 

Southeast Asia.....17-29, 165, 186, 350, 351, 
405-428, 730 

South-westem......- etie tees 766 

temperate... cese 552 

tropical 


Asian blue tick 

Asian citrus psyllid.................................. 33-46 
Asian Development Bank........................... 629 
Asian gypsy moth............. 555, 788 
Asian long-horned beetle.. ..896 
Asian longhorned tick................................. 261 


Asian tiger mosquito....324-327, 342, 346-350, 
367-396, 408-423, 443-450, 472, 729-741, 
748, 822 

AP P — Á 7,22 
MOSV AC ...aectetete 414-422, 451, 452 

asynchronols. snn tte 890 
delivery ES 
O ente 
planting... centers 

Atlantic Ocean. 

Atlas Mountains... ete 

atmosphere... inertem 
atmospheric concentrations. 
atmospheric nitrogen inersia 

attitudinal dE viii ene 

attract and kill.......... 61, 66, 135, 151, 154, 781 

Australia....131, 164, 235, 239, 253, 353, 373, 
463-477, 535, 561, 562, 618, 626, 657, 669- 
689, 748, 786, 870, 891, 899, 926 
Australian National University .............. 693 
A 


A E 
fruit and vegetable exports.. 
Fruit Fly Exclusion Zone 
Harmonised Australian Retailer Produce 


Idi i pipi 684 
Hort Innovation ........... 669, 689 
horticultural landscapes .. 672 
Landcare Programme............................. 705 
National Fruit Fly Council............. 694, 703 
New South Wales .... 466-468, 673, 693-706 
north-eastern..................ssssss 410, 467, 670 
o eerte 464-468, 474 


Queensland....464, 466, 473, 670, 693-706, 
897 


962 SUBJECT INDEX 


Queensland Department of Agriculture 


and Fisheries cce eee 463 
Queensland University of Technology... 143 
South Australia ...................... 468, 472, 673 
south-eastern ..................esss 672, 673, 685 
A rrr n tenes 
Tasmania . 
University of Queensland ...................... 463 
Victorias 673, 689, 893, 897 
Western Australia....234, 239, 468, 472, 686, 

893 

Australian sheep blowfly ............................ 313 
AUS niit 768, 897 
FAO/IAEA Insect Pest Control Laboratory, 

Seibersdorf......275, 285-288, 300, 339, 


387, 389, 857 

Joint FAO/IAEA Division of Nuclear 
Techniques in Food and Agriculture...94, 
131, 138, 161, 172-175, 222, 225, 277, 
279, 339, 390, 443, 516, 519, 522, 526, 
561, 567, 574, 730, 903 

University of Natural Resources and Life 
Sciences (BOKU) iinr 795 


autocidal .......... .349, 470 
ninm —— 198 
gravid üvittap;. A ersi 347 

auto-dissemination...................... 349, 469, 639 
SLABIODS n ase n ete 350 

A rE EEEE 322 

automated 
camera traps. eet osien 897 
detection 
diagnostics A iaie 896 
identification. «ice e rom 891 
monitoring 


pheromone dispensers............................ 


SEX SOM Psicosis 

spray droplet analysis... 

Surveillance’. teo 

c c —————— —— 
automation... ..134, 223, 335, 889-900, 908 
autopilots... iiec cetero 905-907, 909 

SNS «eret eme tertie 906, 907 

triple redundancy... nomme 906 


autoSOmes senesnis . 844, 846 
autosomal distorters..... ...850 


autosomal insertions ....................ssssss 847 
aviation legislation........ .. 103, 906, 908, 909 
AVOCADOS ciar 108, 173, 181, 520 
awareness ... ... 43, 171, 413, 541, 674-682, 758 

O Tissi 356, 574, 704-706 

campaigns... ... 543, 545, 705 

CHANGES M —— 713 

consumer ....... 5:122 

environmental ea oi 437 


public.....27, 111, 223, 356, 568, 687, 725, 
729, 741, 759, 833 
raising.....418, 568, 574, 674, 675, 699, 704- 
706, 732, 757 
B 
Diario p —Á—— MÀ 
alternate hosts 
bait stations... 
CENSU SE Sirer E RR PE RARUS 
rhe ro Eanan ENS 
host elimination . 
A eae e ate 
NOS tSn 34, 41, 520, 704, 899 
lakeview jasmine elimination .................. 40 
Orchard Sines O 37, 43 
permission to enter eari 704 
¡A ett 705 
releases ... 41, 552 


pon ————— 677, 689 


803, 812, 917-936 


facultative symbiotic.............................. 919 
Gram-negative 

gut-dwelling....,.. eee eer 
intracellular..................... 353, 409, 471, 919 
nitrogen-fixing... ... 923, 925, 926 
path 658, 918 
phylloplane......... trate 149 


degradation processes ............................ 436 
diversity 
endosymbionts................ 367, 370, 449, 932 
O 

infection.. 


restriction enzymes... 


bacteriocytes........... ..919 
baculovirus products.. ..658 
Bahamas. tob bidon 563 


bait sprays152, 154, 199, 218, 486, 529, 530, 
671, 686, 880, 883, 910-912 
bait stations.................. 154, 484, 486, 530, 531 
attract and kill... 
self-treatment. 
ballooning........ 
Baltic Sea .... 
banana ............. 
banding host trees... 
Barbados 


SUBJECT INDEX 963 


bark beetles; eerte 923, 926 
barley. ion suoi derer oS 234 
barrier.....145, 242, 309, 311, 315, 412, 655, 
663, 669-689, 889-900 
behavioural change ........................ 704, 705 
biological 


Glimalto: O 
containment ..............ssssesssss 166, 177-180 


institutional. x 
ON 
logistica caricia 
market access. x 
WALI Ged —— € 
SOTARDI c 1 AAEE E AE ees 300, 769 
political... ee eere etrperss 712 
psychological. 678 
psychosocial .. .899 
quarantine ...... ...181 


Doll wéevil.......... eren 54-88 
DUDteStiQ sss sesh sien rete 

Colorado potato beetle. 
dark black chafer beetle ......................... 924 


emerald ash borer.. : 

false potato beetle .......................... 930, 933 

Japanese beetle ......... ees 

Khapra beetle.... ds 

lady beetles... eet 

leaf beetles... tte 

leafroller weevil s 

A tete 

red palm weevil..... 

924 

staphylinid beetles ................................. 240 

vedalia .... j 

walnut twig borer.................... sese 935 

wood-boring ......... .923, 926 

wood-feeding..... centers 924 
behavioural 

ACH ON «osos e eee e ved 


ecology ... 
fingerprint... secessit teres 897 
1ntervetitl ons... cene ee 705 


locust phase change ............................... 767 
TOSCO aei a 

science .... $ 
SiO Ies iiiter em 


Bol Mrs 
Belize...34, 38, 43, 46, 175, 177, 307, 483-487, 
565 


bell peppers accetti 184, 520 
beneficial 
A bee ens 929-937 
DE NR 603, 605 


insects...3, 12, 112, 124, 427, 597, 618-628, 
823, 827, 828 


mosquitoes. circo aid 327, 328 
organisms... piene 655-665, 806 
beétiefit COS serons 65, 471, 620 
analysis... 120, 177, 179, 282, 505, 556, 652 
A noo ed 177, 179, 658 


Coimmultty.... erect ricis 656, 663, 664 
exchange of agents ................. 655, 663-665 
genetic resources .655, 663-665 
of invasive pests ..............sssss 26, 655, 663 
Social benefits... rere 664 
téchniQUSS aan rides 12, 121, 122 


biodiversity...3, 4, 12, 120, 320, 351, 539, 562, 
620, 621, 628, 656, 802, 810, 823 
CACTACCAG E — Ó—— 565 


bioinformatic pipeline .. ! 

biological barrier... eee 197-210 

biological control................. 122, 240, 328, 343 

augmentative...3-14, 34, 41, 198-212, 218, 
240, 328, 612, 613, 657, 659, 661 


classical ....................... 17-30, 562, 655-665 
classical of weeds ........... 561-563, 658, 659 
conservation ............ 597, 618-628, 657-664 
COSE casis 12 
disrüption OF cima 512 


ecosystem services....... ..617-621 


entomopathogenic fungi ..................... 41-42 

integration with SIT......197-212, 215, 409, 
428, 613 

MARK GE. decoran 655, 659, 660, 662 

methods ......... 112, 125, 337, 348 

Nagoya Protocol ............................. 655-665 


nàtutal....:. A 26, 597, 657 


964 SUBJECT INDEX 


biological insecticides 


aerial application........................... esses 609 
granulosis. Virus... ecrire 121 
biomass 
biopesticide........... ees 395, 409, 510-514 
biophysical...................... 17, 19, 674, 724, 899 
biopiracy 
bioprospecting iinn 656, 657 
bioremediation.......... usce 921 


AMIN PC 


biosecurity ... 
Char m A 
DIOS M — 


DIOSPRETE cotes 
biosynthesis... eee 
biotechnology 

industry Sector... secrete 821 


PI BAL c "—— 566 
SOLD PUB, se cicero eret bete ve n IER 566 
shore 


bisexual strains .......................... 
black-bodied cherry fruit fly 
black salt marsh mosquito... 


black-legged tick 
blood. issued 
seeking females. 
DOVING MEE 
feeding....234, 237, 252, 288, 353, 389, 473, 
710 
Hemotek feeding system........................ 415 
meal.....234, 235, 288, 322, 328, 340, 387, 
389, 390, 415, 436 
pj ———— 415 
samples... .325, 326 
Coni ————MÀ 720 


supply screening 


blueberries .......... ..582 
blueberry maggot «167 
Bolivia ............. ...466 
boll weevil ...54-88 

eradication ................... 59, 66, 77 


eradication programme .................... se 54 
o r 54, 65 


DO EE. 223, 287, 752 
biodegradable carton.............. 290, 291, 293 
boll 


expotted llanos ata 181 
holding 
Isothcrmal Acond 


refrigeration 
SHIPPING eee teer tes 
A ON 
Brazil...34, 43, 168, 169, 187, 234-239, 305- 
314, 339-358, 464, 475, 564, 658, 710, 833 


border with Uruguay 

Brazilian Association Apple Producers.215, 
216, 224, 225 

Brazilian Ministry of Agriculture .......... 186 

Brazilian Ministry of Health .. 342, 343, 357 

Brazilian National Committee of 


Biosafety A tede tec 356 
EMBRAPA Grape & Wine.... 215, 224, 225 
Federal University of Rio de Janeiro .....339 
O Á— n 311, 466 
Maas. iive iir HERES 350 
Moscamed Brasero 223 
Moscasul programme ............. 188, 215-226 
north-eastern........... 186, 188, 223, 348, 356 
NOTA West. iii 310,312 


Plano Nacional de Controle da Dengue..342 
Projeto Aedes Transgénico .... 339, 345, 356 


Rio de Janeiro ... 348, 353, 655 
Rio Grande do Sul .......................... 215-225 
Roraima esaerea a 

Santa Catarina 
São Paulo.......... 
south-eastern................sssss 


University of Sao Paulo.. 215, 222, 339 
Brazilian apple leafroller ............................ 216 
breeding techniques ............. ..819-823 
brown marmorated stink bug... .121, 513 
brown planthopper............ ..617-629 
brown-tail moth .. .935, 936 
A ret 466, 469 
buftalo-fli68........eerreennnenie 463-477 


buffer...116, 200, 215, 258, 348, 521, 523, 526, 
549, 863 

buffy coat technique .................... sss 277 

building rapport 

Bunch TO — — 


SUBJECT INDEX 965 


A i 20,21 
Burkina Faso... 286, 290, 768, 859 
CIRDES 
riparian forests... ceci 285, 289 
Sidéradougou.................... sss 285 


cartographic techniques ...........................- 489 
Cascading effects... 25, 800 
cassava 
AMIGA: p ———Á—Ó—Ó 18 
crop MANAGEMEHL...........0.cscceesessrssrersteves 28 


C 
AU 562, 572 
moth eradication programme ..113, 561-577 
ornamental ................ see 563, 564 
prickly pears .................. 562, 563, 565, 575 
producers of fruit and vegetable............. 565 
VES CLAM M —— 572 
CAML os ses —— 491 
Cambodia . 18-25 


camels....... e 112 
camera ...... ...896 
fitted traps... ..897 


fluorescence... ...290 

hyperspectral..... ...907 

multi-spectral. ...907 
¡A 932 
Canada.. 

Agriculture Canada ........................ 114, 665 

British Columbia....111-125, 221, 706, 790, 

897 


Okanagan-Kootenay SIR Programme...111- 
125, 222, 706 


Canary Islands date palm..................... 539-544 
CANCEL A OS TERI REUS TERES 

anticancer agents... s 
capacitance Sensmpg......««.ceececicee rere 897 
Carambola. — — 186 
carambola fruit fly ....... 165, 168, 172, 186, 187 
Carambola Fruit Fly Containment 

Programme... ace nee 188 


Caribbean....161-189, 305-315, 347, 519-535, 
562-566, 576, 767 


Pu ——Á— MÀ M— 

Bahamas . 

Barbados is: cec nene 

E 

Cuba... 

(GoERId P — 34 

Jamaica ............. .34, 307, 308, 311 

Leeward Islands... 562 

Martinique... aere terret eset 34 

Montserrat .. 903 

Nevis Island... 2: niei 562, 563 
Caribbean Agricultural Health and Food 

Safety Agency (CAHFSA) .................... 187 
Caribbean fruit fly ............................. 167, 816 
Caribbean Sea . 
AA ETE 


Cartagena Protocol on Biosafety................. 646 


Southeast Asia ... 


A ee eeeeeeeeeeeeeeeee 
cassava mealybug ................... sss 
Cattle odes 233-244, 251-261, 463-477 
African animal trypanosomosis ..... 276, 857 
A 283, 298, 858 
buffalo flies ... 


caetus.as foddet;.. siete 
defensive behaviours ......................sss 
farming systems....... 
¡Gallo AA 
fever tick eradication ... 
filarial nematodes 
gastrointestinal infections ... 


imported . 

industry... 

MOVOMEN a ace cero rer rtt 463, 476 

movement controls ........................ 469, 477 

pour-on oe eee 242, 276, 284, 294, 861 

production....................ss. 277, 282, 465, 466 

serological survey .................. sss 277 

stable ise 233-244, 913 

o AAA .. 251-261, 464, 466, 468 

tropical regions... cetera 

trypanocidal drugs 

trypano-tolerant .... 

VACCIO ION cercos 
Cattle Fever Tick Eradication Program ...... 258 
(CAUCASUS cost rt eee te ette ede 787 
CU ai eH PR En 528, 529 
COLELY wis —À— —ÀÀ 234 
GOI TINGS sc tt 476, 477, 851 
Centers for Disease Control and Prevention 

(CDC) m ————! 

autocidal gravid ovitrap .. 5 

bottle bioassay protocol ......................... 


light traps...324, 325, 434, 441, 452, 454, 
455, 735, 740 
Central America....34, 131, 165-188, 288, 296, 
305-311, 340, 470, 564, 710-725, 883 


Central American Initiative ................... 710 

Central American Isthmus ..................... 179 

Organismo Internacional Regional de 
Sanidad Agropecuaria (OIRSA) ...... 172, 


185, 519, 522, 536, 561 
central coordinating body ....686, 765, 777, 899 
centralised 


collection point... terree TI 
COMO s aaa 65 
COOrdirnatiOtL. AAA 540, 549, 777 


966 SUBJECT INDEX 


organizational structure.................. 180, 777 
responsibility .;..::. 2. trcs 766 
SAA aa 585, 770 
Centre for Agriculture and Bioscience 
International (CABI).......... 18, 29, 660, 665 
centrifugal evaluation method..................... 659 
Ci eater 514, 658, 768 
certificate of airworthiness................... 908-912 
Gerttfied. 5i e cem 711, 907-909 
organic 715, 123, 133, 607, 611 
production uttits.........eei ert 43 
CGIAR inicia e metes 17-30 


disease control ..................sssessss 709-725 
prin m — ÁÁ 710 
risk factors .. ..710-724 


transmission... 
vector control.... : 
chain of transmission serseri si 342 
chemical control......38-43, 122, 123, 151, 215- 
218, 242-244, 342, 437, 605, 610, 657 


cherry of the Rio Grande .. 
Chicken oss etr eee 


management... 
sentinel flocks 
chikungunya...336, 339, 351, 354, 405-408, 810 


épidemics:..:. ies ette tette 343 
E TNR TT 340, 731, 810 
OUtbréakS. ida 634 
virus........ 324, 325, 379, 635, 731, 919, 930 
Ghildtet: a ne toD 434, 720 
chemoprophylactic treatment................. 804 
childcare centres .................... 753 
deaths. eere 341 
incidence of infection... 710 
mobilization of...... 345 
seropositive....... 11 
transimissiOn Ih... soccer etm 712 


Chile...131, 177, 181, 188, 222, 466, 535, 582, 
597, 598, 710, 787, 869, 870, 880-885 
Agricultural and Livestock Service 


(SAG) moins 180, 880, 887 
Easter Island .. 
NOTE iori e POTITI 
Santiago .......... 
University of Chile oo... eee 594 


CII EE 108 


release machines... 

release system........................ 

Shipment cis 
China....34, 43, 121, 143-155, 171, 353, 373, 

410, 444, 617-627, 671, 827, 907, 932 


A metere 
Chongqing... #8 
GUANO A ep ehe 
Guangzhou ...... erret 367-395, 409 
Guizhou 144, 146, 153 
HadgzhoW iniciarse 617 
e EE 143, 144, 153 
A a 144, 153 


hybrid Cotton, corria 60 
A ia 617, 619 


Sichuan... .144-146, 153 
southern .. .. 20, 617, 619 
South-western iii 145 
Sun Yat-Sen University ................. 367, 386 
Wolbaki Institute Biological Sciences ... 388 
Wuhan 


Yunnan * 
Chinese citrus fly... ceres 143-155 
Chito 628 
chromosomes 
bacterial... emen 936 
A EHRE 471 
deletion es 
homologous... eet 814 
non-Mendelian inheritance .................... 650 


X chromosome . 817, 843-852 


Y chromosome ............... 844-846, 850, 852 
CIUZEnS.. cesis 319, 320, 336, 349, 543, 545 
A E EER 


consultative committees 
education renn E 
engagement. 
involvement... 
participation... 

citizen science . 
initiatives .... 
participation... 
A 

citrus....34-46, 93-108, 130, 143-155, 168, 179, 
491, 657, 676, 698, 733, 734, 912 


grapefruit ................ 33-37, 44, 46, 146, 168 
industry....37, 38, 93, 95, 106, 145, 180, 657, 
676 


SUBJECT INDEX 967 


Key lime iia 36, 37, 39, 44, 46 
lakeview jasmine:.. eere 40 
[Cid s eer 
mandarin ................. 
navel orange 
orange ...... 33-40, 44, 46, 144-152, 168, 491 
Persian lime niece oie 36-40, 46 
production.33-36, 44, 45, 143, 145, 153,657 
SOUL OTE E siyin 146 
tangelo aia 46 
A ceteri 
trifoliate orange. 
varieties ......... sse 
citrus. black spot... ens 
citrus canker 
Citrus greenimg ..... cerent 
Citrus TRISTEZA VIFUS. eese erect ere ne 
civil aviation authority.. 102, 910, 915 
Civil Soe cios 731, 741 
clades... sss 257 
bacterial clade 375 


MOnophylEliC miii 146 
climate-host-insect interaction ............ 483, 485 
climate change...111, 121, 125, 165, 166, 189, 

336, 405, 463-477, 483-502, 618, 641, 730 

impacts.... 
climate variability .............................. 
climatic... s 


CHAN BOS e —— 
conditions ... 


suitability methods................................. 886 
pisi E —— 860 


blue pigments... eterne cines 150 
cobalt-60 (Co) ............. 102, 420, 447, 448 
source 
Codex Alimentarius voii eiecit teen 646 
codling moth.....111-125, 216, 443, 706, 779- 
791, 896 
damage. aos ovens 111, 112, 118, 123 
granulosis virus (CpGV )................ 121, 125 
mass-rearing ........... 111, 114, 117, 120, 121 


mating disruption....113, 115, 117, 118, 121, 
124, 125, 782, 785, 786, 790, 791 


A ma 112 
virus production....... .112, 121 
co-evolutionary process .. 695, 703 
COMES E .183, 484-499 
berries ..... 169, 489, 491 
inaturation. aciem emere 490, 491 


production areas.............. 486, 491, 495, 499 
A eed 96, 101, 108 
collateral pest management benefits ........... 119 
Colombiar ai 188, 307, 314, 466 

A S 34 

Medellín... ci 353 
colonization...286, 308-311, 410, 434, 446, 447 
Colorado potato beetle................ 930, 932, 933 
commensals ................. 378, 917, 918, 920, 922 


communication...56, 123, 139, 174, 342, 347, 
540, 591, 597, 649, 652, 664, 676, 709, 715, 
717, 770-776, 759, 810, 820, 889-900, 918 
analogue... erm iere tenentem hae 904 
CAMPUS remita 351, 543 
channels.. 
darias 
long-rátipe. iu unen ox RH eH REUS 
module.... 
networks . 


processes. 
satellite ... 


strategies 
system..... 
technologies... 


awareness 
bioconttol 45. en ROT 656, 663, 664 
champions... .669, 683-685 


OSI OUD —————" 
driven changes... 
education .................ssss 413, 705, 747, 759 
engagement....321, 339, 343, 345, 356, 418, 
700-702, 717, 721, 741, 747-759 


engagement literature ........................... 706 
engagement national plans..................... 638 
engagement principles " 

engagement programmes .................ses 749 
engagement strategy ...................... 413, 757 
ETOWE sett einste . 63, 66, 138 
health agents... scenes 342, 346 
involyement... scii 634, 706 
jurisdictions... coerente 112, 120 
leaders ........... 418, 716, 757 
led enforcement...) eem 684 


members...344, 347, 669, 709, 710, 716-720 
microblal...;4 c s 


participation.................... 

jue = A —X— 
recruitment .... 

representatives siini 116, 701 
scientific ......... 353, 355, 409, 515, 805, 852 


968 SUBJECT INDEX 


community-based 
approach... eere 
mosquito surveillance ..................... 
natural resource management. 
participation, «mente trente 
programme.............. 114, 124, 709-725, 833 
strategy 
vector control... toes 345 
community-centred 
area-wide pest management................... 111 
Intervention... uie roter ent 720 
company ...... 3, 28, 61, 356, 543, 897, 907, 914 
competitiveness .........eeeeeeeeee entere 120 
jor ———( 95 
ob m ——— 540 
comparative 
advantage. se eo breite 169, 903 
ANALYSIS ioo ation tac ann oiii 775 
approach ..... 651 
attractiveness . 781 
POM OMIM A eroe cte ree terree rna 936 
composting .. .589, 722 
conditional... esgerin a aN 688 
expression systems... ...850 
INOStS erea ritmo rms 173, 182 
lethal ....... 474, 815-817, 826 
participation... acest 681 
phased approach .................... 275, 279, 859 
sterility 
conflict... eee 
management ieren nn itii uen 702 
messaging E 
regulatory framework ............................ 122 
COMI IAN: veo ee o EEA A E S 42, 932 
connectivity surface... cre 862, 864 
containment.....113, 175, 189, 484-489, 506, 


514, 552, 555, 559, 564, 568, 593, 686 
ACUIVIMLES: seco veri e i 


O Te o E a RERO 
engineered traits is 
laboratory Me — € 
levels ta eere asón 
programme........51, 53, 63, 81, 88, 186, 188 
strategies... 62, 489, 852 
systems ... m 
contaminant. 


dence estet 58, 370 


females... . 367, 369, 382, 388, 390-395 
contamination .. ...120 
bacterial ...... ...100 
dye particles... ..290 
environmental a 112 
females during mating ................... 349, 350 


females....381, 387, 391, 426, 427, 447, 815 
food with genome-edited insects.... 831, 832 
GMOs in food 
larval habitat ...................... 

wild population with marker .................. 824 


contingency planning.......................... 546, 770 
Convention Biological Diversity (CBD)....646, 
655-665 


copulation....... ciens 94, 149, 408, 492 
Wolle M ——— 447 
e REPO un N N TIER 294 
com=cob granules .............. eere 437 
oil 437 
POPCOM stram... uere 473 

oe o II 896, 930 

COSMOS otitis 564 

Costa Rica ....168, 175, 183, 234-241, 307, 711 
INTA —X A: 913 

cost-benefit 65, 471, 505, 620 


cost-effective....139, 257, 282, 370, 394, 407, 
679, 792, 813, 895, 898, 900, 913 


aerial spraying ................sseeee 606 
area-wide approach.. . 254, 793 
disease-vector control ................... 
mass-rearing ............ 

methods ...... 


strategy ... 


aerial application .. S 
aerial release nados 
all-terrain vehicles 
biocontrol 
A eren 


facilities.. 
fitness ............. 
liotn flies... cce a 


locust survey and control....................... 


A emeret 505 
maintenance and operational ......... 114, 910 
mass-rearing ....... 12, 97, 137, 222, 377, 448 
mating disruption... eene 557 
médical... oe .341, 634 
non-communicable diseases .................. 162 
outbreaks ................. 870, 894, 895, 898 
A 35 
perceived costs ........ .679, 689 
pest management... 512 
pesticides, iure 810 


programme . 
POLCASING P — — 12, 54 


SUBJECT INDEX 969 


costs and benefits..112, 238, 384, 594, 677, 679 
cotton..56-85, 658, 777, 779, 780, 784, 785, 790 
BECOWO a ssec 51-87, 785, 790, 899 
hybtid COMO cinc 60 
organic 
Pima cotton........... 


transgenic.... 
upland cotton ......................... 
cotton bollworm............... e eerrentteteee 
cotton leafworm.. 
CLICK CIS p ————— 
greenhouse camel cricket....................... 924 
CRISPR-Cas....155, 355, 443, 471, 648, 650, 
796-799, 806, 812-822, 829, 848-850 


crop 
cropping systems ............... 23, 26, 506, 658 
damage.................... 104, 106, 123, 768, 783 
destructor 65,370 
export.......... .... 108, 131, 183 
horticultural ... 145, 164, 167, 514 
hydtic/Siies8 casta 907 
losses ....4, 97, 104, 130, 131, 145, 810, 823 
management... 28, 30, 125 
management systems ........... sese 601 
InOtOFIDg serrat 670 
pest consultants. ... 676, 696, 699-702 
production............... 238, 664, 765, 822, 858 
protection.......... 17, 135, 787, 789, 791, 891 
feSIdUes cuir tens 233-235, 244 
stages ......... sss 64, 590, 619-621, 627, 628 
vegetation AAA 907 
vulnerability 
sad —— 
cross-border 
GollabofabtOri escapa 
A ee Pe Rr eR 
cross-breeding;....in mes 
cross-fertilization . 
CTOSS-TESISTANCE «5.04. .ccssseecietertseceesectesees 
CFOSS=SECLOF all, trot re EE 
crowdfunding campaign .................... sss 739 
crowding....iee cies 101, 384, 394, 421 
ajo ———Ó—M 553 
breeding sites... oe 331, 748 


habitats........... 331, 350, 445, 470 

SPECIES —————— 217, 222 
Cuba ......... 34, 43, 307-311, 314, 353, 563, 576 
cultural 

ASPOCUS EN 255 

EA — 


context .... 
control....35, 40, 51, 64, 529, 530, 605, 608, 
791 


dimetisiOf eei TN 
factors Of ISK: esser S 
management .. 
IMGASUINGS 
methods: uses 


¡ro AA 


techniques... 
AA er E TOAER 
cuticular hydrocarbons ............... 223, 237, 465 
cyclical 
joint reflective process.......................... 709 
transmission...............ceeeeee 282, 300 
vectors 
CY CIONG oa et torte ento 
cytochrome ...... eser rin 290, 313, 465 
cytoplasmic incompatibility......... 353, 367-395, 


406-428, 471, 472, 732, 747-759, 919 
bidirectional... 


unicirectional.;... 3. ettet 
D 
daily displacement... en 291 
dark black chafer beetle.............................. 924 
data TOW E — 889-900 
database..297, 326, 351, 499, 547, 575, 664, 898 
elec Cunit 135, 890 
global eradication ................... 505-515, 870 
Integrated Surface Database .................. 880 
online... etn 506, 740, 893 
regional surveillance.............................. 172 
spatial 
deadliest animals ............................... 730, 741 
decentralisation....................sessses 342, 357 
decision algorithms.............................. 551-559 


decision-making....39, 106, 171, 276, 483-502, 
506, 523, 549, 550, 556, 558, 587, 626, 676, 
702-706, 717, 799, 860 


JOE... O ET 702 
process....280, 297, 343, 485, 488, 546, 638, 
821-835 


strategic .. 


tool... .. 502 
WOMEN etario 28 
dedicated staff . . 701, 859 
defoliation ioci terree 552 
degradation.. . 926, 927 
Dacia 436 
catechol .. ..933 


cellobiose " 
cellulose eir A 924 
foreign DNA ................ sese 812, 813 


970 SUBJECT INDEX 


lignocellulose. 
nutrients. eee 

pathways. tensos 
pheromone 


484, 492, 880-885 

870, 882-884, 886 

nó 885, 886 

Models ion 582, 587-591, 882-884 

delimitation...306, 484, 506, 513, 519-522, 544, 
570, 891 


demographic .... 


ANALYSIS cartas 498 
Changes cogn ae 308 
factors ..... 634, 639, 896 
PLOCESSES TT 309 
projections... ice eet rhet tentent 483 


dengue....339-358, 386, 406-419, 633-635, 711, 
810, 919, 930 


control... ees 342-347, 357, 747-759 
es 319, 340, 344 
haemorrhagic fever ........................ 341, 810 
management... cese eterne 748, 749 
outbreaks : 
prevention volunteers............................. 757 
lr ————Á——MQ 
transmission... 
vacio 
VITUS ración 
density-dependent 
action MOMS: iria 60 
management tool..................... sess 604 
processes........... ...380 
POSPOMNSE recepere ione iati eroe to trn Fete rerntt 27 
deregulation..... ... 589, 590, 593 
derelict orchards . 111, 115, 704 
Descartes, QeeT——— 805 
desert locust........... 172, 765-777 
aerial campaigns ...............sseseeee 768 
area-wide management ...765 
biology: eet 766 
breeding areas .......... ..766-769 
early warning system ... ..766-TTT 
forecasting isso 766-777 
PreGarisaliOny,. iia 767, 768 
habitats 


hoppets.... oto 767, 768, 771, 775, 776 


MITO cuenta 767-770 
MOMO «eus eret 770-777 
plague dynamics... eerte 768 
plagues.................... 768-770, 772, 776, 802 
population dynamics............................. 770 
preventive control strategy .................... 770 
recession area 


seasonal breeding areas.................. 766, 769 
Desert Locust Information Service (DLIS)... 

766-777 
desiccation 
destruction 

cattle .... 


infested trees.. 

methods. «unen 

natural enemies; «oet 4 
detect & avoid (DAA) ................. 905-908, 915 
detection 

methods .. .507, 508, 544, 582, 587, 593 

tools..... 56, 513, 515 


dextrinisation 

diagnosis 
by molecular techniques .......................... 40 
clinical » 
edücatiofial ..... eim ihe terree 713 
Phytosanitary: urinarias 39 
visual 

diagnostic... eee eene 43, 298, 618 
A 896 
capacities.... 
Tacilitle Sedo iion 674 
A ier rt SEERN ESSE 
testing 

diamondback moth ...... 646, 833, 924-930, 933 

diapaus nesenai 71, 436, 475 
OVerWIDLGFIDg. coi 146 
püpal esee 143-148, 153, 583 
synichroniSed...... «remm reete 155 
termination . s 
transition... 

diet 
dispensing machine ............................. 100 
extruder 
induced marker 
laryal.... ses 97-104, 222, 415, 612, 929 
preparation... cene 58, 97, 98, 100 

diffusion ...... ... 876 
coefficient... ..876 
models ........ .876 
innovation... ... 680 
knowledge .. 28, 740 
parameter... eter 877 
O 556 


SUBJECT INDEX 971 


digital... eec 489, 499, 904, 908 
agriculture technology ........................... 891 
diagnostic system 
elevation model................. 
information systems.................. esses 891 
recörd keeping... eire 899 

diplodiploid species .................................... 732 

disease - 
diagnostics 
human 


management 

mosquito-borne ....... 319, 339, 406, 731, 732 
non-communicable...161, 162, 170, 171,189 
prevention .............. sess 43, 640, 643, 720 
LESELVOITS .... scenes 252, 258, 259, 709 
TeSIStATICO cosecha ee ex EU 34 
tick-borne.... 251-262 
TOLeTAnCO RR 34 


transmission....337, 339-358, 411, 426, 474, 
636, 712, 714, 758, 818, 830, 859 
vector-borne....341-345, 368, 405, 633-642, 
731, 826, 835, 852, 937 
viral etd easiest: 3, 4, 406, 635, 738, 810 
disease vectors....36, 251, 254, 327, 337, 367, 
410, 710, 736, 765, 809, 850, 871, 918, 920, 
937 
dispersal....39, 197, 222, 233, 309, 343, 436, 
450, 491, 567 


ACMA e ———— 452 
avoid .... 

DI ertet te ene 863 
behaviQOut,.. iret 436, 573, 912 
biological potential ................................ 733 
capacity............. 27, 289, 300, 551, 660, 832 
centre 279, 285, 287 
distance 235, 244, 563 
CTS eciam leona 650 
honogéneous octets ters 289 
least-cost dispersal paths. ae 
long-range stochastic ............................ 
maneassisSted...::. itn 


natural 


146, 186, 223, 278, 309, 311, 314, 344, 464- 
471, 483, 499, 505, 514, 551, 623, 698, 700, 
734, 759, 766, 773, 877-881, 917 


rp —— M—— 872, 880, 881 
aredsWIdes «eres cont RT 135 
DEG nets... cnet mee ees 804 


geographic....17, 21, 34, 61, 166, 222, 280, 
305, 311-315, 522, 861 


PJnpr e — 252, 635, 636 
mappiin: 20, 677, 721, 787 
maps ..61, 599-601, 609-611 
MOMS Goss, iacere 857-866 
models... 276, 292, 296, 498, 730 


natural range.. 
CONSILY a A iai 


genetic variability .......................... 306,311 

outbreak » 

pamphlets 

JALE a hA S A 

posters .... 

potential 

spatial .. ... 

sterile insect........ 61, 68, 225, 486, 532, 686 

pon recrea 584 

o DSIGHISINTRMEDISS 609, 874 

VOGLIO A sos se IG EH RE 342, 633, 641 
ditches 

TYOSQUitO:. iere eene eee 328-330 

toadside. esii enen 323, 324, 330 


DNA cleavage....355, 650, 798, 799, 812, 846, 
847, 849 

DNA repair mechanisms .................... 649, 814 
homology-directed repair.648, 798, 811, 813 
microhomology mediated end joining ... 849 
TDI SS-TGDAIT. iio ete pU ERE 849 
non-homologous end joining..648, 649, 798, 

811, 813, 849, 851 


brown dog tick... 
A ere eon es 

Dominican Republic....34, 164, 177, 185, 186, 
307-310, 483, 519-536, 563 


Caster BN 521, 522, 527, 532 
La Altagracia..188, 521, 524, 527, 528, 531 
La Romana ..................... 521, 524, 528, 532 
Moscamed-RD.....:.... eerie 519-522 
Punta Cana.............. 519, 520, 525, 528-532 
ds A ee ente t dt 475 
dose uniformity ratio (DUR) ...................... 390 
OUD OS OX c caecus R 818, 829 
draught POWEI m —— 858 
drift 
insecticide... ... 607 
larvicide...... ..331 
passive fliers.. ..167 
sterile fly..... 253232 
drones .......... 223, 260, 421, 450, 777, 904, 908 
fixed Wing .... esee ht entend 774 
portable total”. eei eri 7715 


tOtàry-WIDg.. s.c eerte teen 774 


972 SUBJECT INDEX 


[rcc ———— MÀ 242 

early detection....130, 514, 535, 564, 570, 577, 
593, 770, 891 

early warning system ...485, 765, 766, 770-777 


eastern cherry fruit fly seserinis 167 
eastern equine encephalitis ......................... 322 
eco-bio-social 
baseline information ............................. 717 
determinants: ninia 720 
ecological 
benefits... nitro 3, 12, 154 
COMMUNITIES iii 23 
conditions ...19, 23, 198, 767, 770, 774, 775 
COBDECLVILy ici 862 
consequences... oce eee reote ten entre ae 834 
AA eini 617-628 
factors....344, 483-485, 491, 492, 499, 502, 
782,783, 920 
footprints... ern tet eroe 169 
impact ......... 355, 563, 757, 831 
ImiportanGe «ose retire 561 


islands..... N 
knowledge... tenet 4, 28, 860 


niches...... 565, 799, 851, 921 
plastiCitys cir ree 27 
shell game 

soundness.... . 

SPATE GIES C — 


nh ep 
value .... 


economic burden 


agricultural pests... nre 852 
animal and human diseases .................... 858 
dengue 


economic impact....18, 33-35, 65, 93, 161-163, 
280, 298, 406, 563, 694 


economic thresholds ........................... 104, 236 
economies of scale... eee 121 
ecosystem ........... .. 276, 427, 827, 859 
PAGE A 4, 282, 298 
health... .283, 506 
IPAC NEU E 427 
management strategies... eee 711 
services... ... 18, 617-621, 627, 628, 657 
UE DAD. uoce IR td 289 
A 177, 188, 307, 466 
education ..... 116, 121, 171, 343, 627, 676, 706 
community .................... 413, 705, 747, 759 
campaigns ...350, 413, 674, 823 


entertainment ................. 618, 622, 624, 628 


health programmes .......................ses 345 
integrated health cion 342 
materials 


programmes ...... ee eee 133, 687, 720 
public education....41, 238, 244, 319, 321, 
339, 345, 418, 419, 550, 687, 804, 823 


public health ia... 638, 710 
regular educational activities ................. 704 
school involvement......... 321, 740, 753, 754 
SCIENCE: based ses: oi v ce 752 
situational analysis................................. 713 
reduce enforcement actions ................... 116 


egg...4, 25, 64, 68, 164, 217, 294, 322, 323, 339, 
347, 367, 390, 407, 492, 598, 621, 767, 877 


Dou ee ———M € 452 
DatChes D —— M 234, 436 
bubblitig.... iieri 136 
drought-resistant ........................... 473, 828 


hatch....95, 136, 147, 154, 222, 386, 392, 
394, 409, 414-417, 423-426, 612, 828 
infertile ........... 433, 443-445, 452, 470, 472 
art EEN EREA 225 


laying...... ..150, 151, 252, 387, 775 
MASSES ici 510, 553-556, 788 
¡AA 612, 628 
production................. 58, 136, 389, 390, 447 
SHES iss ose ost 97, 100, 112, 121 
sticks... 


483-498 


El Niño years....................... 166, 483, 502 
El Niño/La Niña cycle ........................... 497 
La Niña years 
A € 
El Salvador’ inicias 
elected 
authorities; «sn rine IESU 298 
community representatives .................... 116 
mosquito commissioners .... e 
electron microscopy.................seeeeeee 925 
electronic 
data collectioti;......3. ori 893, 894 
data Cnty E —— M 892 
database ...... . 135, 890 
spreadsheet... eet tete 894 
electrostatic spraying ...............eeeee 907 
elimination....... 408, 858, 862, 866 
breeding sites.......................... 342-346, 354 
detectable latvàe........ rene 65 
development substrates ........................... 239 
females 
harmful side effects ....................... 804, 816 
A ers 529 
infected trees...... 33, 35, 46 
lakeview jasmine ..................... eene 40 


larval SUIS ira 345 


SUBJECT INDEX 973 


latyal.subStrates...... serere 239 
mechanical 339 
population....371-373, 381, 386, 391-395, 
443, 471, 830, 859 
PLOSTAMIME AAA 
quarantine pest.. 
SPOClES oss oes 
curi. A — 
vector 
vector-borne diseases..................... 635, 639 
Wild NOSIS teca 
ELISA testing.. 
AEVO MM NUN 
embtyogenesls...ecs senten 
embryonic... 


A e 
emerald ash borer .. ,510, 512 
emergency response..............sseeeeeee 519.535 


capacity... 


emergency eradication plan 


MEASULOS e aedes ... 186 

programme.. ..583-585 
empowetment...... eremita 719, 721 
enabling environment ................. 693, 695, 706 
encephalitis 

éasterm egune or erecto ener 322 

Japanese. cemento 635, 636 

Saint WOWIS: iacere iS 323 


tick-borne.... 


dengue countries ote eects 340 
disease control agents ............................ 346 
fruit flies ......... 167, 168, 189, 669-673, 677 
hyperparasitoldS;.... reete 19 
malaria regions 

prickly pear Cactos 565 
primary parasitoids ................... esses 19 
vector-borne diseases...341, 405, 428, 640, 

858 
yellow iii 340 


endonuclease....471, 798, 812, 813, 817, 829, 
843, 846-852 
SCISSOÉS eie ROI ORCNEEENS 811, 847 


endosymbiont-infected . 367, 371-385, 394 
enforcement... 35, 115, 121, 677 
communitysled............ rette 684 
dedicated... ttes 116 


legislative measures ............... 341, 549, 675 

phytosanitary strategies ........................ 189 

regulatory 

quarantine 

li o p ————— 
engagement . 550, 593, 652, 677, 683, 689, 833 

ACV E Seine ciere 676, 749, 750, 754 


community...321, 339-345, 356, 419, 635, 
700-702, 716, 717, 721, 741, 747-759 


litératüte AAA 706 
national Plans, esserne 638 
principles .... e 
procedures... 
programmes 


stakeholders... 

ici e — 
entertainment-education ...... 618, 622, 624, 628 
entomopathogenic 

A A 658, 935 

A omes 42 

fungi... 41, 42, 240, 932 

nematodes. eei rero rini 240, 932 


environmental management..639, 720-723, 748 
environmental risk 


ANALYSES si 2s cies ————— 660 
ASSESSING». «eese cosciente 655, 660, 661 
environment-friendly ............ 93, 108, 279, 858 
alternatives 
approche teen 
biopesticide;.......... ot 395 
eradication s 
international trade... nonien 


management strategies. 
pest control ¿tonces 
pest management ......................sss 
sterile insect technique....112, 405, 407, 428, 
484, 686, 789 
suppression AAA 411 
tactics 
technologies.................... 125, 221, 470, 484 
epidemic....162, 341, 343, 347, 352, 419, 634, 
637, 638, 641, 810 
epidemiological ................... 339, 635, 642, 713 
(rii) M ——————— 
projects... 
surveys... — 
surveillance. ... 33, 37, 342, 575-577 
epidemiology................... 20, 39, 251, 254, 713 
eradication 
arthropod programmes.................... 505-515 
attempts Lesen 
carambola fruit fly 
codling moth......... 
declaration of 
efforts....65, 66, 78, 258, 506, 514, 564, 570, 
582, 585, 791, 870, 871, 883 
European grapevine moth ............... 581-594 


974 SUBJECT INDEX 


fruit flies... 133, 179, 506 
A aeniei 78 
global... nen 505-515, 830, 870 


o S7 
a 472, 826, 827 


Mediterranean fruit fly....174, 175, 180, 181, 
185, 188, 519-536, 869-886 


outbreaks... eret 

Outreach... ient te e n 
pink bollworm... 
post-eradication 
pre-eradication ................... 
procedures 
PLOCESS reine 

programme length.......................... 870, 871 
programmes....53, 139, 177, 184, 475, 505- 

515, 554-557, 870-886 

red palm weevil. s 
Side CHC CIS siii 800 
Simulation... inier 869, 871 
strategies... 


MES mas 510, 514, 515, 555 
Inu p 60, 507 
A tier teer 79, 551, 555 
tsetse.282, 283, 290, 296, 297, 300, 861, 913 
p oon m —— 372, 862 


establishment...72, 132, 216, 276, 319, 345, 
468, 455, 506, 549, 601, 618-621, 694, 822 
areas of low pest prevalence...174, 179, 183, 

184, 188, 189, 198 


area-wide programme .................... 261, 699 
biocontrol agents .17-30, 658, 660 
disease c eceentsucdeuonc eene 44, 172 
Ere E — — 223, 224, 285 
invasive species....161, 166, 189, 562, 582, 
583 
TIGEWOIKS 4 esscec A A, 
non-native species. s 
PAthO GENS E ————ÓÀ 


pest....62, 82, 161, 165, 168, 172, 175, 180, 
185, 468, 505, 541, 562, 575, 583, 598, 
870, 871, 885 

pest free areas....133, 171, 173, 179-184, 
188, 189, 198, 484, 486, 871 


pci AAA 588 
regulatory framework ..... ..174 
regional areas of control ..................... 33-43 
Wolbachia............... 381, 387, 426, 448, 477 
[jii Mp 645, 652, 722, 810 
ilu P —— 


aspects .... ise 
COMMUNES: rir DRIED ERE 
CONC uoi oie o HER HEU 
considerations r 
dimensions: eret 


diSCOUf Se. nire re Ree 805 

Q18CUSSIOHN... («edere rtr ier erento 823 

institutional approval ............................. 413 

reflection " 

denn M —"——— 
EMOIA «cocer or terre eter terres 


ethyl acetate. 

Coi) E a 

cnp — 
acquired immune system 
ung ———— 
evolutión........... restes 


Europe....93, 94, 164, 165, 253, 257, 340, 405, 
406, 434, 466, 540, 552, 565, 582, 587, 626, 
659, 661, 729-731, 801, 810, 827 


A IE 166 
Content 730 
eastern 


European Centre for Medium-Range 
Weather Forecasts (ECMWE).. 
iri c e ————— S be 
DOHA vii ic 
southern .. 166, 770, 787 
European cherry fruit fly .................... 151, 373 
European grape berry moth ........................ 594 
European grapevine moth...581-594, 597-613, 
779, 787 


European red spider mite............................ 216 
European Union........... 131, 731, 787, 819, 822 
biocide directive... 443 
European Aviation Safety Agency 
(EASA) ini "(—M 909 
European Community.......................... 541 
European Centre for Disease Prevention 
and Control (ECDC) ................. 731, 810 
European Court of Justice (ECOJ)..819, 821 
European Environment Agency ............. 810 
European Food Safety Authority 
(ESA usina 
food safety public standards .. 
GM moratorium.......... eec cittoneeice 
genetically modified organisms ..... 410, 819 
Scientific Advice Mechanism (SAM).... 820 
vector-borne diseases..................... 731, 810 
evolution 


deliberate steering.......................... 
eukaryotic ............. 
human evolution... 
resistance .............. 
resistance alleles... 
Sculpting Evolution. 
evolutionary............... 
adaptability . 
changes... 
co-evolutionary patterns . 
co-evolutionary process.. 


SUBJECT INDEX 975 


mechanism.. ae 
A 
PIO Saad 
relationships 
Stable gene drive... eerie 798 
SUCCESS eM 
tug of war 
SXGIUSIQUS iir cetur eio ERU SET ENTRE 
AGUVILLES: errur EET 
assays 
InfrastruCtute,.... uere edente eee tr apin 880 
measures 
programme.. 


iria ———— 
ZONES M — —— € 
exoskeleton 
exotic 
beneficial organisms 655 
biocontrol agents....................... sess 659 
cattle... eee 298, 858 
commodities .. ..505 
diseases....... 336 
UNT M — 641 
pests..... .520, 891, 894, 895, 898, 900 
UMS UALS —— 258 


expectations....262, 308, 677, 680, 685, 688, 
702, 823, 898 


experiential learning ....................... esses 683 

export....18, 93, 94, 97, 106, 107, 164, 167, 168, 
170, 177, 181-189, 210-212, 519-522, 607, 
670, 671, 822, 832 


Did 
barriers 
coimpetitivenéss cia 133 
COPS «eene een en xa 108, 131, 183 
industries 131, 180, 582 
A ERE HARE 582, 583 
markets....121, 130, 131, 169, 171, 174, 179, 
534, 565, 671, 698 
natural enemies ........................ses 655, 663 
D m ———— 664, 665 
phytosanitary requirements .................... 173 
protocols... eene ...684 
revenue ....... 821 
sterile moths 122 
value chains ...... ..198 
express mail carriers .. ...165 
extension................ 5, 10, 623, 627, 628 
ABCNCIES E —— Á 787 
APIS. ccce teo ner re 627, 658, 777 
CatpalgiiS.... oec oe creer tetro n 28, 29 
officers... .... 626, 669, 672 
personnel ...................... 590, 592, 676, 684 


Programes s osni 17, 674 


support 
extinction....371, 380, 407, 473, 507, 555, 556, 
799 


Allee etie Cis re er e eres 554 
threshold immer 554 
F 

Fabré; Jean-Hentt; eee rtr tes 7719 
face ———— ÓÓ— 234 
facilitators ecce 669-685 
AA men 599 
BY Loro COPOS pe E 677,681, 682 
fall armyworm ............. 765, 766, 777, 896, 907 
false codling moth...93-108, 113, 121, 291, 443 
false potato beetle............................... 930, 933 
fast-moving consumer goodis...................... 626 
feasibility studies......... 275, 279, 280, 300, 866 
fecundity......217, 286, 386, 415, 598, 603, 880 
female killing systems .. 471, 844, 845 


fernitilZatlOD.. sede eye 815, 919 
fermentation ....... 589, 920, 925 
fermenting materials........................... 234, 236 
fertilizer 

tates... 

supplements... eet 24 

AAA er eren 35 


field cages....94, 223, 286, 287, 387, 450, 473, 
789 


field-by-field.... ur 783 

pest:control...i e eee eee poete 859 
filariasis un 372, 444, 472, 635, 636, 639 
filter rearing systems .................. sees 830 
AAA 233, 234, 240 
i ————— 330, 343 

INVASIVE e — 351 


larvivorous.. 


Midi HORROR EESTI 415 
mosquito. 327, 328 
Dias EHEEENER 848 


fitness....24, 28, 237, 355, 796, 816, 817, 877, 
917, 919 
Ada — 474, 930 


Characters. os eer ERE E 473 
COSTS. ies .369-385 
disadyantàge:. A 473 
dt cos 471,473 
e eee ER EORR ROO ETE 476 
host......... 376, 473, 934, 937 
paratmeters.... cic eeeterhins 928, 935 
Teductioris. «sis eo ere e EE 473 


976 SUBJECT INDEX 


flight....202, 325, 453, 532, 552, 555, 563, 590, 


Ulea 

elevatio AAA ite eee cetkaas 
endurance 

Flight Termination System .................... 907 
iS A tts 552 
lines 211, 440, 913 


766-771, 776 


ultralight pilot license .. ...909 
unmanned aircraft cissie 904 
A 433-455 
flowers...... 62, 491, 751 
COLON AS sa; ooi orit o eer EORR 598 
grapevine 582, 583, 599 
Dur a 23, 624, 628 


rice bunds ... 


ornamental: eae vr Wo HERE 733 
A E A 628 
strips 


fluorescent dye 
fly emergence and release facilities....189, 202, 
223, 531, 914 


FOS BUNS: io ienetireeoo 414, 420, 859, 907 
food...161-163, 202, 220, 420, 436, 446, 447, 
564, 565, 618, 628, 773, 804, 819, 891 


degradation . 
deprivation... nene 


chaines sagt 

GMO contamination 

insecticide residues ........................ 112, 120 
production............. 169, 506, 514, 722 
Salou eL eie ULT: 171, 174, 831 
security...18, 94, 108, 133, 162, 172, 515, 

765, 768, 777 
WANSPOMU TA 277 


Food and Agriculture Organization of the 
United Nations (FAO)...17, 19, 29, 162, 163, 
174, 183-186, 275, 277, 279, 299, 300, 353, 
519-523, 536, 567, 660, 765-777 
farmer field schools ................... 28, 29, 625 
FAO/IAEA...94, 131, 138, 161, 172, 174, 

175, 222, 225, 275, 277, 279, 300, 339, 


369, 387, 389, 390, 443, 516, 519, 522, 
526, 561, 567, 574, 730, 857, 903 
FAO technical cooperation projects.. .... 174, 
175, 183 
FAO-WHO International Code of Conduct 
on Pesticide Management......... 626, 628 
formulations ......................... 62, 119, 327, 929 
artificial.diet 23. rone 
attract and kill... nter t 
controlled release.. 
degradability:......... emere 
flowable....... AN 


mating disruption............ 
inicrodispersibles............... nes 
pathogen ............ 

plastic matrix . 
rate of release. 
slow-release... 
trap lure ............. 
ultra-low volume .. 


(S DU e ——— 
CIRAD ...275, 279, 288, 292, 299, 300, 857 
EID Méditerranée concisa 912 
French Polynesia ................... 353, 373, 409 
IMOUStIQUE e ——— 732 
Institut de Recherche pour le 
Développement (IRD)... . .279, 283, 300, 


857 

La Réunion ..................... 241, 353, 373, 408 

regulation unmanned aerial systems ...... 904 

University of Montpellier ...................... 857 
free-riders ............ 238, 669, 676, 681, 699, 705 
freezing... eines 166, 415, 934 
French Guiana ........................... 172, 186, 188 
Frequency Hopping Spread Spectrum ........ 904 
fresh market... oae id ticas 35 

agricultural commodities ............... 582, 583 

PUI bse eet etos 171, 870 
friction models..................... 300, 857, 861-863 
Fried competitiveness index ............... 284, 289 
Dor ——— 80, 467, 475, 476 
fruit 

international export market. 

mimicking traps... eee 

stripping.................. 116, 590, 591, 875, 880 


fruit flies...113, 130, 131, 150-153, 163-189, 
197-212, 215-225, 353, 505-514, 669-682, 
693, 732, 802, 844, 848, 889-899, 910, 913- 
915, 926 
invasive ................. 
non-native... 
Cii] [ecc 


SUBJECT INDEX 977 


MUS Ma 52, 673, 688 
funding mechanisms ........... 223, 677, 687, 689 
Uca .... 155, 599, 929 
acaropathogenic......... netter 260 
entomopathogenic.............. 41, 42, 240, 932 
fungicide 
A eie tes a HEEE REUS 
G 
PAIMCLOBENESIS cortar 


Gates Foundation 


e eere 650 
editing..... .355, 471, 809, 811, 835, 843 


functions ........ .. 155, 815, 826, 835 
lateral transtet s+: is sommes 852 
CA 471, 646, 816 
mitochondrial. .282, 290, 308, 312, 883 
Do — Á— 237 
e nece ES 798 


scissor.. .. 796, 806 
sex determination.... 815-818, 826, 829, 846 
lat Belize eite ian ns 648 


gene drives....645-652, 795-806, 809-831, 849- 
852 


anticipatable negative side effects.......... 806 
application S esns edet tege 809 
competing repair mechanisms................ 798 
constructs ........ 238, 798, 799, 817, 824, 827 
CRISPR-based................ 

daisy-chain drives .......................... 
evolutionary instability 

Intervention S cian 
irreversibility ........5.5. ees 795, 801, 803 
mechanisms ................sssess 355, 647, 651 


modification/manipulation drives...796, 800 
nuclease-based..:..... eie 
population replacement... 


proposals... oae ettet 

TegulatioHi A bt ERU S 

fesearch..i sess 800, 803-806, 813, 818 
resistance alleles....798, 809, 818, 829, 848, 

851 

resistance mechanisms........................ss 355 
téversal drives. oae rte niet 803 
TISKS enpasis 799, 800, 851 
selective pressures ........... eese 818 
suppression drives.................. 796, 800, 817 


systems ...650, 651, 817, 818, 825, 829, 849 
technologies....355, 651, 801, 805, 806, 811, 
818 
AAA nett anaiei aa 474 
weapon-like effects... eee 801 


gene Tow hens Tn 309, 861 


genetic boundaries... oreet 860 
impediments 
interspecific 


genetic 


A rete 469 
alterations ... 
background ..................... 286, 374, 378, 385 
CHAN BOS E ——— 237 
control 
differentiation ....... .. 282, 307, 309, 862-864 
o sesricorisessrssrss 

divergence .. 
diversity .......... 

engineering... .. 

heterogeneity... ete 307 


Co ss ee ORE 282, 861 
PACKETS caian ai 312, 555, 860 
modifications.....237, 339, 372, 382, 443, 
474, 639, 646-649, 817, 824, 830-834 
monitoring... ...357 
rélatedmnes8 a 469 
TesQurces........ 655, 656, 663-665 
Selfish:elements iia 801, 813 
sex ratio distorters..................ssss 844-852 
sexing methods... onte 410 


sexing strains...129, 132, 176, 201, 210, 416, 
734 


tral cnica 813-817, 824, 833, 834, 844 

variability... ott 306-311, 315, 799 
genetically modified 

COMOM E — 56, 60 

COP penoso 819-822, 831 

diamondback moth ................ 646, 833, 929 


mosquitoes...345, 352, 354-357, 406, 646, 
651, 803, 833 
Stable flies;. it 238, 243 


genetically modified organisms (GMOs)... 238, 


345, 356, 645, 646, 801, 819 


non-transgehio «cuca its 819 
regulation.......... 645-652, 819-822, 831-833 
releases ... 410, 651, 819, 822, 827, 832, 833 
self-limiting ... ..650-652 
technologies... eterne 646 
genome editing...645-649, 652, 806, 809-835, 
843, 848 
FUE PUOI IL 647 


homing endonucleases...471, 798, 806, 813, 
848 

VCI Toi lr —Á—Ü 647 

meganucleases.. 

A to cei IE 826, 833 

site-directed nucleases... ................. 645-649 

transcription activator-like effector 
nucleases (TALEN)..648, 798, 812, 813, 
848 


978 SUBJECT INDEX 


zinc finger nucleases (ZFN)...648, 809, 812, 
813, 848 

genome rearrangements ...................... 650, 936 

genome reduction 


geographic 
Dro 308 
DOUE ios 471 
distance atasco 309, 311, 862 


distribution...17, 20, 21, 34, 166, 222, 280, 
305, 311, 314, 315, 522, 861 

EXPANSION eene 189, 506, 515 

information systems (GIS)...285, 310, 326, 
413, 483, 484, 488, 546, 551, 582, 640, 
765, 772, 859, 860, 898, 903, 910 


isolation .................. 131, 139, 309, 312, 880 
I E 489 
range...51, 87, 309, 340, 374, 505, 506, 515 
Scales . nne 114, 305, 306, 606, 861, 903 
geomatic tools............... ...860 
geometric morphometrics .......................... 282 


Germany .822, 835 
BASE ———À 821 
Bayer Crop Science .......... eee 821 
Federal Ministry of Education and Research 

"———————— — 820 
Fraunhofer Institute for Molecular Biology 

and Applied Ecology ........................ 809 
German Life Sciences Association ........ 820 
Heidelberg... eter oen 
Justus-Liebig-University. EE 
Mosquito Atlas... 


development cose 815 
infections .... 


giant peacock moth....................... sss 779 
global agricultural production..................... 162 
Global Eradication and Response Database 
(ANA 505-515, 870 
global positioning system (GPS).....331, 413, 
437-440, 606, 718, 860, 910 
coordinates..... ...588 
flight recorders;......ica tee 69 


handheld units... 20, 559 


locations.. .56 
MAP PUG rece erreian rette oer e teg esaet 31 
navigation system . ..440 
technology ............ ...606 
globalisation .... 505, 515, 730 
Lor inci iii riain 564 
Pici ———— 26, 75 
AA ttes 722 


production 
storage practices... sentiet 722, 723 


Grand Cayman Island................2.. e 356 
grape berry moth ..............eeeseseeeee 594 
A —Á—— 594 
grapes 
bunch rot 
TOUS ese E ET RS 589 
industry... 129, 582, 583, 593, 597, 598, 676 
POCOS Maca 588, 589, 591 
table....97, 108, 130, 131, 139, 181, 188, 602, 
611 
wine 
AZ ceste rere rete cata XH E SERE 
lands 
overgrazing 
PUCSSULE E — 


greater wax moth 
cl | O aE 


University of Patras... eee 917 
green fluorescent protein .. ..934 
Green: Revolutions 619 


greenhouses. 
crops... 
gases .... 

ground... 
adulticiding. 
applications. 
bait sprays............... 
FOSSA cise ——— 
EA 
releases....102, 103, 129, 132, 135, 139, 202, 

203, 223, 290, 295, 450, 531-533, 913 


A Tn 356 

A bte eee 76 

spraying....277, 469, 484, 497, 531, 605-609, 
768, 910 

SUTVEY D ——— M 

| nur p TERT 


transport.. 


A O 
water 
growers 
assessments... csse pisse ea reci YS 55 
aSSOCIdElOTS ucro bo cem reos 19, 34, 225 


knowledgé iros 
liaisons... 


A ide eas 678 
organic... 119, 123, 611 
part-time ..... . 698, 699 
statutory levy... rtt serene 131 
surveys........... 695, 706 
uncooperative ....... esee eine eterne roten 675 
MEI OM 55. — 199, 210 


growth rates...166, 489, 490, 598, 617, 886, 935 
uiri — S 219, 220 


SUBJECT INDEX 979 


Guatemala...175-179, 183, 483-501, 531, 535, 
709-725 
border with El Salvador and Honduras . 178, 


179 
border with Mexico........................ 176, 198 
coffee production areas...486, 491, 495, 499 
Community Development Councils ......715- 
717 
containment barrier ......................... 177-179 
BE PHO aee 135, 176, 177, 522 
DUM AP ——— 711-724 
land useinap. aet eene 499 
National Chagas Vector Control 
Programme serene 715, 716 
northern 
I m (——— 
San Miguel Petapa ..................... sss 176 
soil maps............... 
south-eastern.. 
south-western.................. ; 
Universidad de San Carlos. 
Universidad del Valle .................... 709, 718 


Guatemala-Mexico-USA Moscamed 
Programme ....161, 175, 185, 188, 297, 483, 
485, 519, 521, 522, 526 


guava MUNG DY iode itid uer uim 167 
BUB VAS. iret eene 186, 491, 520 
pineapple guavas..................... ses 219, 220 


guide RNA....648, 799, 813, 814, 818, 829, 847, 
848, 851 


guided surveillance areas .................... 544, 546 
Guillain-Barré syndrome ............................ 340 
spi p" ——— HR 859 


GUYANA m —— 186, 188 
gypsy moth...505, 510, 511, 515, 551-559, 779, 
783, 788, 789 
Slow the Spread Programme..510, 511, 551- 
557, 788 
tropical gypsy moth... eee 896 


H 


habitat....4, 73, 87, 121, 254, 310, 319, 670, 720, 
789, 827, 920 


estuary 


mosquito breeding...320, 329, 331, 336, 339, 
346, 445, 641, 741, 748, 749, 758 
AVACU Ally sodium 289, 320, 562, 922 
OVERWINCETING ... 1... iiec teretes terere 71 
Pcia it 862, 863 


suitability.....261, 278, 280, 292-296, 300, 
862, 864, 865 

DII O 

urban.... 

Rune 
habituation 
haemocoel ... 
NACMOC YES e — 
haemorrhagic fever... eee 341, 810 


IE eee eere ntn recens 810 
hatching-in-installment............................... 436 
A ttes . 154, 870 
metabolic... esed 136, 239 
shock ...... 816, 828, 936 
tréatmefit.. sarete ia 589 
Dur pe — ..484 
hemizygous distorter males ........................ 847 
herbicides: da 40, 907 
tol EE 646 
herbivores...................sssss 18, 618, 656, 659 
antiherbivore defence response.............. 933 
INVASIVE anni In eee oae eieene 23 
natural enemy interactions ................... 4, 29 
plant interplay = 
herd immunity... etes 
heredity 
functional units... seem 663 
Mendelian rules .............. 796, 813, 814, 825 
SPECIES iaa 843, 844, 846, 850 
heterozygote to homozygote............... 796, 814 
DUI Sii: 622 
high-rise 
apartment blocks............................ 
urban environment is 
high-throughput sequencing ....................... 917 
Holocene 
homing ............ 


endonucleases...471, 798, 806, 809, 813, 848 
guide RNA...648, 799, 813, 814, 818, 829, 
847, 848, 851 


AA 844 
Honduras .178, 179, 182, 183, 188, 711 
honeydew 

honeydew moth .................. eene 594 


hopperburn ...... ... 618 
horizontal..... . 100, 700 
DISTANCE coser ctore me oret renes 390 
BetWOEIKS onini 703 
POCA OM sce — Y 390 


980 


transgene transfer... 852 
transmission 


industries....163, 164, 168, 170, 177-180, 
184, 186, 694, 701 


landscapes... eere et 672 
losses .......... ...682 
OD6TatlOTlS...... ree eterne neret ooo ea 698 
pln —Ó— 670, 674, 693 


production..161-164, 167, 169-171, 184, 672 

products...162, 163, 171-175, 189, 534, 535, 
671 

A e Een 899 


host...34, 40, 82, 146, 167, 242, 254, 257, 340, 


371-376, 476, 491, 800, 918-923, 928-935 

alternate ..135, 139, 197, 220, 224, 618, 620 

PER asserere 34, 179, 534, 674, 675 

associations... 252, 473, 476 

availability...199, 219, 489, 492, 493, 495, 
789 


Explotation 917, 922 
AA erede 
finding . 

Ir — 

free periods... set ones 65 


fruit....149, 150, 155, 217, 220, 520, 529, 
530, 676, 870 


fruiting SEASONS oer reri rete 150 
human........... 340, 354, 824 
immune Tesponse cierres 474 


I Vertebrate iii 379 
manipulating reproduction. 
metabolism ..................... 


neglected plants .... 
non-commercial... nettes 
phenoloBy.../5. ice thee 
plant...4, 9, 137, 146, 151, 154, 514, 563, 
567, 568, 571-574, 587, 681, 704, 777 


SUBJECT INDEX 


plant cultivation... rates 5,6 
plant density... 42, 899 
plant management... sese 135 
plant responses 


preferentes seirena 

publié lands unicas 
range....... 146, 164, 368, 525, 582, 660, 671 
TEMOVA Lia 
reproduction .. 
A —Á— 


Surveys... 
agri —Á— i 

symbiont co-evolutionary patterns......... 919 
trees...41, 111, 114-116, 150, 529, 531, 552, 

880, 926 

unsultable incas 220 
VOD 252 
wild. 111, 114, 219, 528, 530, 574 


hot spots...107, 115, 243, 295, 529, 531, 677, 
736, 737, 786, 898, 912 


HOUSE FLY A — 234, 815 
household moves ........... ertt tes 553 
housing improvement ......................... 640, 711 
Huanglongbing ................................ 33-43, 914 
human 

ACHVIDY soe seen 


behaviour 
honc ————— 


CAPACILY. m ——Á 
cells 


disease. vectors: «etes 7136, 809 
diSe8868 3 eese Er PER EEAEER 260, 858 


filariasis.. 

A — 

health...171, 319, 352, 407, 507, 514, 605, 
651, 656, 660, 825, 831, 918 


MOSES; Loren 340, 353, 824 
immune system.. ..826 
infections... 921 
intrusion......... 4277 
landing catches .. .. 740 
e nre 683 
movement... 165, 166, 640, 641 
onchocerciasis sass rieri 635 
pathogens................ 260, 368, 919, 922, 930 


population...252, 277, 340-343, 410, 634, 
635, 639, 730, 823, 826, 827, 835 


SUBJECT INDEX 981 


population acceptance... eee 

population density.......... 

population engagement... 

population growth .......................... 

population increase ................ 162, 163, 170 

resources....113, 118, 119, 130, 223, 296, 
342, 521, 546, 548, 549, 577 


JJ c" —— 
safety ... s 
Settlement... iicet teen tests 858 
usn E 637 
human African trypanosomosis .. 276, 857 
hybrid dysgenesis ................... sess 311 
hydrogen fuel.cell................ en 905 
hydrological 
MiEuTu € (€ 
O E E E 
hydrolysed ... 312, 937 
proteins... .217, 218 
Ll ——— i 152, 202 
hyperparasitoids.. ..19, 22, 23, 25-27 
POP UM card 436 
IDO ——M 154, 384 


Incompatible Insect Technique (IIT)..154, 352, 
367-395, 405-428, 443, 472-476, 643, 732, 
747, 803 
application...368, 371, 374, 376, 380, 384, 

387, 410, 411, 445, 453, 733 


releases ................... 384, 385, 392, 393, 394 

UIA «eerie eer 373, 391, 455 
IIT/SIT 

combined approach......368, 383-386, 391, 


394, 395, 747, 748 
combined application....367, 382, 384, 385, 


387, 392 
feleases siste 384-386, 393-395 
Sequential. suia reete iere 384, 385 
immigration...356, 373, 394, 617, 670, 783, 789 
MTHBUDG: erret e eei 824, 931 
function... 
responses 
Time Sy Stems. ica ee ieee 99 
eukaryotic ... ..812 
MU too emite 826 
insects ..... .917, 930 
MOSQUI cinco ciar 931 
import 
biocontrol agents............................ 124, 660 
milk. eecaemescde ones 298 
natural enemies. 659, 662 
palin trees... sene eO 539-541 
prohibition... corre 540, 541 
regulations .. .124, 660 
restrictions 
o senem cem ctae 


InCeriti OS cc 122, 626, 677, 698, 699 

incubation period................................ 474, 475 

incursions...165, 186, 189, 258, 468-470, 520, 
531, 535, 570, 575, 577, 593, 673, 869-886 


——Á—ÁÓ—À 562, 564, 894, 895 
..891, 894, 895, 898, 900 

TE GUGICIES «en er reb eer ce eot 514 
invasive species... 172 


responses 
A ea 
timely detection............. eee 575 

India....4, 60, 144, 198, 350, 372, 382, 408, 410, 
766, 772 


Indian Council of Medical Research.....372, 
408 
Karnataka. nia 350 
SIM ¿it 146 
West Bengal .. ..146 
WES. MS 770 
Indian Ocean ...... . 34, 165, 373, 406 
Grande Glorieuses seircean 373 
La Réunion ..................... 241, 353, 373, 408 
Mauritius ..234, 353, 373, 408, 411 
MayOttes T ———— 373 
indicator species sesser 283, 284 
Itidonés1à: corner eere 19, 23, 28, 625 


A A 
Yogyakarta . 
o A tete 
information 
campal ENS. «eese cette 
TOW: aisi 
translation dd 
infrared m 
inga fruit liado 
innovation systems ...... 693, 697, 701, 703, 706 
VIC UTER TT TTE 702 
co-evolutionary process... 695 
A O 700 
A Ee 695, 698 
insect 
A O 
bacteria ....... 
biodiversity. 
biomass... 
capture .... 
Cargo... 
cells ............ 


contamination in food.. 
detection... 

development .. 
digestive traccion ts 
dispetsal.......2. rmt rere 


982 


enr d ——— 29 
efadiCabiOli tana 552 
growth regulators ..... 42, 242, 343, 470, 597 
gut microbiota....... 922, 934, 935 
US hee eremi ded breeds 917, 920 
RECENTE ILE IS 368, 929, 937 


552, 870, 871 


SUBJECT INDEX 


organophosphate....118, 120, 133, 218, 306, 
312, 313, 343, 349 


poisoning 

pyrethroids....61, 64-68, 151, 242, 306, 312- 
314, 343, 348, 859 

pyriproxyfen ................... 343, 349, 350, 354 

A deer 112, 120, 603 


cyhalothrin.. 

cypermethrin .................... 42, 241, 313, 619 
CYLOMAZING scri ee etr ie PRSE TP TR 242 
DDIT..:.:: 


did VOS ci 
dieldrin 


dimethoate 
emamectin benzoate.................. sess 606 
fenthion.............5.. .218, 694 


PIPTONI c—— 242 
imidacloprid... 42, 545 
imports........... ...625 
A — 112 


malathion .... 71,73, 77, 335, 343, 352 


methoprene ....... 331,333, 470 
methoxyfenozide ......................... 591, 606 
1H180868 5 inrer RIDERE 619 


institutional.. 


microbiota... resistance....3, 4, 93, 94, 112-115, 121, 131, 
A er trente 830 218, 242, 305, 306, 314, 315, 327, 343, 
nitrogenous waste ...........eesseeeeeen 926 348, 349, 353, 405, 406, 470, 474, 635, 
production 641, 643, 658, 732, 784, 796, 804, 810, 
remote monitoring ................. eee 889 816, 827 
repellents emocionar resistance management ...................ss 243 
reproduction... p: rotation 
susceptibility... neqoe tee ees shrinking choice 
SymmbiOhls; ceci pterea SPINCLOTAMN «cec nnn 
trap barcode spinosad...... 
bono eres 33, 34, 37, 38, 339, 709-725 spinosyns .... 

insectary....279, 285, 287, 297, 415, 420, 568, susceptibility.. 
913, 932 temephos ....... 

insecticides thiamethoxam 
abamectin.............. 42, 151, 591, 619 topical application ..........................ss 312 
adverse side effects... eene 827 tricarboxyls........... 3:42 
aerial application..59, 67, 606, 609, 785, 910 A erm terere eei 640 
aluminium phosphide............................. 152 THSeCUELDyS A o 771,775, 821 
asynchronous delivery ........................... 899 A MÀ 162 
avermectin A insemination 
azattrachitfh:. «3:5 tanien 42 A — € 287 
bénzoylureàs cere reete 242 p m —Á—Á— 378 
bifenthrin inspection 
chlorantraniliprole.......................... 591, 605 A teen 119 
chlorpyrifos............. 42, 64, 66, 68, 151, 545 
cover sprays... .. 120, 151, 671, 910 
CrOSS-TÉSISLafi Ce, sso 112, 313 
cyfluthrin 


ipost-Hreat met... iseeernieia erit eot ei 
¡AAA beer 
quarantine stations 
sentinel animals ........................... sess 


...116, 543, 544, 548 
. 29, 686, 698, 699 


adjustment .. 
arrangements . 
aspects ........ 
assessment .. 
barriers... 
capacity .. 
change ........... 

ethical approval 
facilittatots. nori 
factors 
A er e 


SUBJECT INDEX 983 


MECHANISMS +. occiso 670, 678 
GO s deer ren roo E ERES 297 
networks . 


PLOCESSCS e — 
requirements 
review board m. 
strategic alliánce.... se ote 183 
integrated mosquito management.....319, 328, 
329, 336, 352 
integrated pest management....41, 82, 129, 216, 
236, 251, 512, 519, 544, 557, 625, 661, 674, 
787, 937 
AW-IPM....17-30, 93-108, 143-155, 163- 
188, 197-212, 221-223, 233, 275-300, 
306, 369, 407, 484, 502, 562, 567, 577, 
597, 669, 857, 859, 889-900 
AW-IPM programmes....108, 111-125, 130- 
140, 153, 175, 188, 211-223, 311, 315, 
407, 443, 453, 522, 860, 896, 903, 913- 
915 
International IPM Award of Excellence .122 
integrated vector management...343, 428, 638, 
709, 729-742 
intellectual property rights .................. 646, 657 
intensive surveillance areas ................ 544, 545 
Interamerican Development Bank (IDB).... 187 
Inter-American Institute for Cooperation on 
Agriculture (IICA)...44, 185, 197, 199, 519, 
522, 536 
Intergovernmental Panel on Climate Change 
(IP OC) m —— 488, 500 
International Atomic Energy Agency (IAEA)... 
155, 161, 275, 277, 299, 353, 369, 519, 521, 
567, 734 
Collaborating Centres ............................ 175 
Joint FAO/IAEA Division of Nuclear 
Techniques in Food and Agriculture...94, 
131, 161, 172-175, 225, 275, 277, 339, 
443, 516, 561, 567, 730, 857, 903 
technical cooperation projects.....174, 175, 
177, 183, 277, 279, 285, 298, 300 
International Center for Tropical Agriculture 
(CIAT ect citan 17, 18, 19, 30 
International Fund for Agricultural 
Development (IFAD)....................... 30,186 
International Institute of Tropical Agriculture 
(ITA)... citt rie 17, 18, 19 
International Organization for Biological 
Control (IOBC)....... 655, 656, 660, 663-665 
International Plant Protection Convention 
(PPC husos 161, 163, 172-174, 507, 806 
International Rice Research Institute 
(RRD eenia 617, 618, 629 
international standards 
aerial Systems... aet cete ener 906 
for phytosanitary measures (ISPMs).....163, 
172-174, 182, 189, 507, 520, 673, 699, 
702, 870 


A rmt eo 547 
based surveillance... 260 
GCOMMECHIVIEY xi. eese ere qt re gs 773 

inter-specific 
Mc AA 
introgression.. 

IO cion cidad init tica 
parasitic infections... eee 256 

intra-specific 
competition... ..... eicere ettet ener 380 
geographical variation ........................... 374 

introduction 

Asian gypsy moth ................. eese 
Cactus mot: eter eene 
invasive mosquitoes. 
INVASIVE pest «estais 

invasive species ................ssesse 

natural ENEMIES... eee 
non-native biocontrol agents.. 655, 656, 661 


non-native fruit flies essesi 168 

non-native species ... 165, 189 

technology... eee 652 

parasitoids... ... 17, 19, 21 
OU iio 437, 439 
A er ERES 17,18, 164, 514 
invasion ........... 17, 82, 166, 469, 552, 594, 870 

buffalo flies ...................ssss 

carambola fruit fly 


cotton bollworm siniese 


oriental fruit fly... eee tenente 


pathways 

Queensland fruit fly ............................... 673 

Dr A A E E E 

sources. 

A 

threshold... 371, 380, 381 
invasive 

agricultural pests...................... sss 810 

arthropods....................... 505, 510, 514, 570 

Asian tiger mosquito...................... 729, 741 


cactus moth.............. ..561-564 
false codling moth ... ..108 
A t 351 
fruit flies...133, 161, 186, 189, 535, 536, 
869, 884 

pene AVES: eocena Tn 800 
herbivore S iii dns 23 
insects ..... .121, 165, 166, 506, 892, 896 
light brown apple moth 
mealybugs.................... 
mosquitoes............... ees 


prickly pear cacti ........................... 


984 SUBJECT INDEX 


red palm weevil cnica 539 

Sex Tatio: SOS iii 844 

species....18, 161, 168, 172, 189, 254, 406, 
465, 505, 512, 515, 552, 641, 655, 656, 
732, 802, 810, 850, 891 


invasive pest....122, 520, 559, 562, 577, 587, 
655, 658, 810 


biodiversity... rrr 515 
dissemination by tropical storms............ 166 
INCUISIONS eee e edd 


survival and climate change... 
Drury T — 
Spread P ————À 
transboundary risks.. "e 
unintentional export... eee 

investment....122, 124, 130, 133, 170, 179, 183, 
189, 224, 256, 448, 514, 575, 597, 634, 635, 
685, 689, 700, 705, 706, 801, 910 

.. 161, 167, 177, 180 


venture capital... 
iPhone application . 


irradiation....63, 153, 237, 286-288, 369, 378, 
392, 396, 420, 427, 472, 748, 751, 822, 928 
dose...94, 95, 102, 368, 369, 383-385, 388, 

391, 411, 416, 417, 426, 613 


procedures. cintia 69, 222 
¡A 287, 388, 389, 391, 408 
safeguarding senoir 69, 369, 385 
irradiators 

Gamimabeam-650... sene mb 225 
GamrnaCell-220....... rn tren 225 
gamma-ray ......223, 225, 283, 391, 447, 448 
A 102, 225 
RS 2000 

RS 2400V 

Wolbaki 


X-ray....223, 225, 283, 336, 353, 389, 391, 
395, 447, 448, 513, 531 


rover iii 801, 803, 805 
COMSCQUENCES ccooconccoononornnonconacnnonceso 795, 801 
irrigation ............ 52, 83, 85, 188, 324, 736, 907 
centre pivot .... ... 70, 73, 74 
groundwater ........... sees 75, 78 


joris ——— 75 
A EROS RA ERR 73, 78 
island ........... .308-311,330 
A o neret 309 


ecological... ...300 
populations . .309, 736 
residential... cseteris terere 392 
isolation ....35, 66, 308, 407, 783, 786, 857-860 
ecological imr 412 


genetic .... 


TOprodUCtiVE etnias 919 
topographic ....... eiie ine teretes 139 
A a T 121, 177, 891 
Ttalián loGust...: eet 765, 766 


Italy....353, 444, 448, 449, 450, 582, 730, 731, 
822 


Campania... euer 729, 734, 741 
Center for Technology Transfer............. 581 
Comitato di Gestione Isola di Vivara..... 742 
Edmund Mach Foundation .................... 729 
Emilia Romagna ....................... sess 730 
ENEA e —— 734 
Friuli-Venezia-Giulia............................. 730 
Institute for Agricultural and Forest 
Systems in the Mediterranean .......... 729 
[3710 aiii 731, 736 
Sra ——— 730 
Lombatdiàa...... creen 730 
HOHEN ..... cce e RYE 408 


Phlegraean archipelago 
Procida island 


JI ro ——À 736 
southern .. 7129, 733, 734 
TOSCA ——— 736 
University of Naples Federico II.....729-742 
University of Perugia... ee 843 


University of Pisa 
University of Rome La Sapienza ... 729, 739 
University of Tuscia 


bu ————— 
Vivara 18lànd...... oie 733-735, 742 
ZADZAMAPp sivssivesssssscsosessssvesesssioscess 732, 739 

J 

JAMAICA sionis 34, 307, 308, 311 
Japan ....... 4, 121, 131, 465, 565, 617, 619, 907 
Civil Aviation Bureau............................ 909 
Japanese International Cooperation Agency 
(JC)... etn 710, 718, 720 
NAGOYA: ———X 655-665 


TICE TENS M —' 907 
Japanese beetle... coercere 896 
Japanese encephalitis. . 635, 636 


JEWEL WAS iste tetro RR 848 
Jonas, Hans...... .. 805 
juvenile hormone... 349 
K 

ROMY € 108 
key stakeholders ..669, 687, 700, 702, 704, 709 
Khapra beetle 

Knipling, E. F.. 


SUBJECT INDEX 985 


Korea 
Korean peninsula ........................... 617, 619 
South Korea... eere 617-619, 628 

L 

¡A 61, 67, 296, 327, 333, 545 
DEGOUOR O rine 61, 78, 87 
compliance.. 
GMOS i sete e eter Do ON deu 
responsible choice................................. 123 
o etre mer EE 60 


labour-intensive...286, 392, 437, 759, 772, 815, 
889, 890, 894 


lacewingsi. eet ie iine E 28 
lack 
adaptive immune function...................... 918 
adoption... canere ..703 


alternative insecticides. 343 
area-wide approach .....................ssssss 348 
awareness.............. . 704, 705 
büffet ZONES crecer e Ee t 348 


CONSTUCNCE M —— 311 
Cooperation .................ees . 689, 705 
coordination among growers.................. 122 


DECISIONS s eos tees 697 
diet sterilisation........... ette 97 
effective surveillance ... 5:922 
efficient organization .....................ssss 

POM Ales: T ———— E 
genetic differentiation es 
harmonization of regulations ................. 661 
o A teie etr EH E eti 
knowledge 
CALA 673 
market ACCESS nia 682 
operational detection system .................. 520 
opportunities... sere ett tes 165 
rainfall ae 
replication... eene cerneret eee 786 
research süppott e nere 641 
road networks ave 
safe and nutritious food.......................... 162 
scientific evidence. 54,:..ccetesseveveteeeeaveeseest 688 
social cooperation .... ..899 
species-specificity ........ ..827 
standardized classification . 249698 
sufficient manpower ....... 4,202 


suitable habitat ......... ...280 


trained staff... ...358 

understanding ....... 682, 823, 835 

undesired matings ...................seeeee 814 

volatile pheromones............................... 237 
lady beetles: eee 12, 28 
land 

COVED maps... ciccorconnioniraricanecacaroróracita neón 294 


dégradation... «esr rented 298 


DI — —— t 489, 554, 641 

A nomeo 258, 405 

use map 

MSC patterns. ... ioter tena 633 
landing rate counts... eee 326, 335 
landscape 

Complexity... serico tese 26 

COIpOSILIOn..... erect ten 17,30 

diversity 


COLO SY A ——X 
FCO p ———— 
genetics - 
heterogeneity ......: rte 113, 899 
resistance models...................... sss 860 
rural... ene 236, 618, 624, 913 
SILUCLUPE nens toe eta ries 26 
ctl em —Á— 861 
UA to 236, 899 
Lao PDR .18-20, 22, 28 
larval-pupal glass separators....... 416, 418, 426 


larviciding....319, 333, 337, 350, 355, 435, 437, 
443, 454, 737, 738, 936 
aerial....... 331, 332, 335, 352, 440, 452, 912 
ground... ise E E E 
via auto-dissemination . 
LESA iii 
last glacial maximum.................... sess 
late-modern technology .............................. 
Latin America.....161-189, 222, 341, 345, 347, 
710, 711 
Latin America and Caribbean region... 161-189 
latin hypercube sampling............................ 878 
leadership ........ 55, 88, 185, 223, 675, 699, 759 
leaf DECHES P ——— 510 
leatrolletWeevil. scere 935 
leatrollets; esistente 119, 121, 216, 896 
legal 


authority of programmes........ 116, 123, 673 
bases for action 
COR dItIOfIS.... 15s ore reet e Y rendo 
A tti IINR 
experience... 
framework ..... 
illegal dumps . 
instruments .... 
regulations .. 


SEU cp 
legislation....114, 189, 319, 320, 469, 543, 568, 

675, 687, 706, 748 

aviation .............. 103, 908, 909 

genetic TESQUICÉS ..... escena 665 


GMO: i eitis .. 652 
sanitary ... 
legislative .... 


A tre tte eae 477 
A rarer otoika 540, 549 
| ONAE OE E 704 


986 SUBJECT INDEX 


leishmaniasis i eer oerte 636 
lek mating System............. eerte 149 
CA 852 
dominant.....406, 443, 471, 646, 803, 814, 
845, 850 
EMD OMG: tersa PRAES 732 
female e 
post-zygotic....i nete 844 
Seasonal ze orit eee ere erp ONT eR 474 


compulsory... estre eren den 677 
statutory .. fei 


life....86, 147, 162, 234, 449, 598, 802-805, 823, 
835, 892 

cycles....5, 69, 143, 146, 252, 369, 378, 484, 

492-494, 499, 526, 535, 575, 587, 603, 


608 
CULO iras 917 
expectancy .. .171, 929 
A TO 86 
halle irc 847 
histories .. 233,252, 509 
jupe ————— 40 
MN ÓMÀ€ 341 
shortening effect... eene 427, 475 


span....103, 298, 415, 418, 427, 473, 474, 
817, 826, 928, 935 

stages....145, 332, 337, 434, 444, 552, 554, 
589, 878, 880, 882, 899 


SLY OS. —ÓÁ— E 
times eene 
A e ecc EE 
light brown apple moth. 
Lintner, Joseph Albert ............................... 
TS Aot tete ierra 415, 446, 796 
livestock...233, 252, 276, 305, 312, 477, 563, 
858, 904 
ISCASES M O T 469 
DOSS i rase eret 407, 471, 816 
pour-on ... ..242, 2776, 284, 294, 861 
producers... eene 235, 238, 239, 243 


production systems .. 234, 244, 256 
hioc" aia ia 251-262 
vaccination.. ..252-259 
WASSIE C CT — 236 
livestock-wildlife interface .. 253, 258, 259 
living modified organisms .......................... 


logistic probability 
longhorn beetles. 
TOS reinició 


aversion 
CIOPasesricso. 97, 104, 130, 131, 145, 810, 823 
Mic 164, 168, 583 


economic...18, 66, 145, 168, 305, 858, 870, 
889 

estimated RE 

exports.... 

MIM ANG 1a ores ssec er ree 


horticultural - 
Sata eC o ei A 
veto caiste 

natural enemies.. 
A eae e ONERE 
POLOS cnica en 
post-harvest ... 
production....... 
O —— 

yield...4, 18, 82, 145, 215, 217, 601, 618, 627 

low pest prevalence 
areas...113, 121, 130, 133, 139, 172, 174, 


198, 484 
CONO 685 
levels ... ..189 
SEO TUS sero EROR EUH O IHESU SUE ONDES 131 


| 57 E ————— 325 
Bio Anasireplià......... irte ires 218 
Biolure........ 133, 201, 523-525 
Corata narcosis 218, 523, 531, 534 
CUM eian hee 149, 152, 671 
disparlure.... 


food-based 
GF-120 ........... 133-135, 152, 530, 531, 880 
gossyplure... 57, 58, 61 
EA AAA eines 37 
hydrolysed proteins ........ 152, 202, 217, 218 
kairomones ... $45, 593, 790 
methyl eugenol ...................... 133, 149, 152 
Oc iii 
protein-based e 
sugarcane molasses..........................ss 218 
torüla AA 523, 533, 534 
trimedlure ... ..499, 523, 524, 534, 880 
zr — 152, 154 

Lyme CIS ————————— 252 

lymphatic filariasis .............. 444, 635, 636, 639 

M 
machine learning .................... sess 499, 896 


anti-malarial drugs......................... 804, 825 

artemisinin-based combination therapy ....... 
635, 804 

bürdeb ee sd 

control strategies... 

elimination...................... 

Global Malaria Programme...634, 642, 644, 
804 


SUBJECT INDEX 987 


INCIDENCE AR 
interference in transmission ................... 
new vector control approaches.. 
parasite cycle circi 
parasites .......... 355, 380, 795, 799, 804, 919 
transmitting mosquitoes.....795, 796, 799, 
800, 802, 805, 847 

vectors ....350, 374, 375, 443, 639, 641, 800 
WHO Malaria Policy Advisory 


Comite ai 643 
Mala Was 24, 859 
Malaysia atte 18, 927 
male 

abundance... oce ere ERE 452 
Ap ETOS S ON rre 149 
behavioural Hat cio tns 782 
competitiveness ....... 369, 387, 408 
courtship behaviour ..................... sss 149 


determining genes. 815, 843, 852 
jo ————— 25 
fertility. ... 845 
HDI ————— 379 
germline.. . 829, 849 
LONAS —— 447, 815 
heterogametic species .. 843, 845, 846 
incompatibility ......... 376, 378, 379 
longevity ........ 
lic E 
Uni s ——Á 
offspring . g 
orientation. iiec nete eere Haee 790 
polygamy eiii 845 
quality.....288, 369, 370, 379, 383, 385, 450 
sampling methods .................................. 452 
Cin M —— 
sexual performance .. 
A 369, 651, 847 
A — — 379, 387, 451 
male annihilation technique..139, 186, 671, 701 
VCI —Á E 774 
Maltese 1slands........... etes 736 
mammalian 
Jm —— ESE 811, 851 
species . 826, 918, 921 


MANGO ieee see 164, 179, 520 
Ataulfo cultivar...............5. nenne 209 
exports ........... .... 210, 212, 520 
fruit flies . 168, 186, 197-212 
growers" union... 199, 210 
WIU cec t ts eene 180 
Orchards cuidas 197, 199, 207, 224 
packing houses........................ 197, 209-212 
production areas 
BOBS oia o om x 197, 199, 210 


mangrove habitat ....................... ss 320, 332 


AA eee 
checkpoint mt 
control methods . 


OOO «eese eire errato 
o A t 
trap inspection ... 
itappitig AA 
in —— 
management Linee cerei tne 
mapping....51, 54-56, 85, 326, 413, 437, 588, 
766, 772, 893 


distribution cion 20, 677, 787 
DNA sequences .....sc0ssccesssessessoeseves 847, 849 
households... eene 713 
landscape «ottiene 861 


procedures .. 


tisk ..533 
SOILW ANC hr tai 597 
stakeholders 718, 719 
bn ———— 907 


market...161, 167, 173, 464, 655, 660, 821, 891, 
913 
access...131, 133, 175, 682, 685, 694, 695, 

700, 706, 891 

access protocols .............. 675, 677, 687, 701 
access requirements ........ 671, 698, 702, 706 
GloSedou eor Renee un ERE 
economies... » 
MOENIE Soa SIRO USE 
international............ 
opportunities.. 
Testticted «oet 


genome-edited products......... 821, 822, 831 
strategies 
TACTICS mM 
Markl bes eins 
mark-release-recapture . 
A — 
masculinized females..........................sss 
mass 
administra paa 635 
displacement.. 
Md arar 618, 622-624, 628 
releases ......... 12, 14, 19, 395, 817, 824, 828 
trapping...135, 155, 347-349, 510-512, 544, 
545, 571 
mass-production...132, 148, 237, 367, 376, 388, 
392, 395, 445, 447, 471, 658, 814 


CORES. ———— 390, 391 
facility .... 136, 202, 522 
parasitold console 41 
A er nias 41,447 


988 SUBJECT INDEX 


mass-rearing...41, 153, 154, 199, 225, 283, 336, 
373, 391, 407, 567, 612, 732, 733, 791, 816, 
830, 850, 851 


AA 415 

facility...3, 52, 58, 63, 64, 95, 105, 111, 114, 
117, 120, 121, 129, 133, 134, 137, 177, 
179, 181, 224, 285, 288, 356, 395, 434 


genomic adaptation... eee 415 
procedures. 
PTOCESS ignes 
8CAléS cerra 
systems ... 
mate nd ici etre 
mathematical 
background... ntes 871 
AMOS) esi eet ere E HERES 280, 347 
modelling... itin 381, 382, 798 
mating.......... 146, 287, 424 
NO 286 
behaviour .... ..149, 150, 446, 567, 851 
compatibility .................... 94, 222, 286, 374 


competitiveness...94, 284, 286, 289, 369, 
372, 374, 376, 379, 385, 387, 388, 395, 
408, 411, 417, 420, 450, 472, 928, 929 

contamination... is. eoe eterne re ette 349 

disrüptant. ec eene 61, 779-792 

disruption...51-87, 94, 113-125, 237, 510- 
512, 551-559, 582-594, 597-613, 779- 
792, 891, 897 

incompatibility ....................... 311, 382, 448 

larval breeding areas 

ori host plants... eerte 
nnn) s — 
performance... 


PINE eco ena enin 
prior feeding .. 


SM 149, 150 
WY POS ES 374 
under mass-rearing... 446, 447 
Mauritania ierant peer 768 
Mauritius ..................... 234, 353, 373, 408, 411 


Maxent model...276, 278, 292, 296, 310, 499- 
501, 862-865, 886 


maximum take-off mass (MTOM )....... 908-912 
Mayara VIfUS... «seite erre 380 
mayfly exuvia.. ...236 
mealybugs.... 17-30, 33, 919 


MECHANICA M — 244 
control....... 82, 319, 346, 497, 529, 571, 605 
damage niss ttem 


elimination.. 
o A 


sex separation ......... 382, 392, 416, 427, 447 
tTansMisSSiON...ooococoncooncnonononoconccononos 282, 296 


MEANY A see Mediterranean fruit fly 
media........... 345, 418, 419, 434, 437, 521, 676 
advettisihg ie eet ese tenete 116 
campaigns................se 592, 622, 624, 628 
NAAA c teseev terio dent epo 733, 739 


digital 
fati stream. seo eec teret 754, 759 
social. ss 
strategies. 
medical nacos 
assistance 
biomedical research. de 
condition certified... 


data collection apps . 

sector ...... es 

o AAA issia 
Mediterranean 

e SERERE 7129, 733, 736 

qul — 582, 731 


Mediterranean fruit fly...58, 113, 121, 129-140, 
164-188, 198, 202, 217, 297, 373, 390, 443, 
483-502, 734, 814-817, 822, 826, 828, 896, 


910, 926 
eradication....175, 181, 185, 188, 519-535, 
869-886 
free areas..166, 177, 181, 184, 523, 526, 531, 
534, 535 

HOSTS p "— 520 

A € 135 

programme .......... 33, 34, 175-179, 483-502 

TeleaseS sesso mie id 133 
meiotic 

TIVE m R E, 

sex chromosome inactivation. 

Sd 
Mekong 

Della 622 

A ro Hr REUS 21 

Mekong University... cece 617 
melon fly 
MELONS e —X 
Mendelian 

CN 844 

Heredity: rules insistir 796 

inheritance ..... . 814, 825 

inheritance Tale ais 813 
meta 

PNOO S e etre HR EHE MS 920 

populations . . 860, 890 

ptoteomi6S....« eene ttm 920 


IrANSCFIPLOMIOS cuisine rere 920 


SUBJECT INDEX 989 


metabolism .................. 148, 919, 927, 928, 931 
Metamorphosis aessa 148, 238 
meteorological 
A a 776 
dm ii ot t 484, 488 
methyl bromide fumigation ........................ 671 
Mexican fruit fly ..113, 153, 167, 179, 814, 816 
preventive release programme ............... 188 


Mexico...238, 257, 258, 291, 307, 346, 350, 
354, 373, 535, 536, 577, 711, 870, 914, 932 
Baja California...36, 37, 51, 53, 55, 82-86, 

88, 177, 179, 188 
Baja California Sur .................... 36, 37, 179 
Campeche..34, 36, 37, 40, 41, 561, 565, 574 
Chiapas...34, 36, 37, 41, 166, 174, 176, 200, 


209, 210, 485-487 

Chiapas, Metapa....176, 177, 179, 197, 201, 
202 

Chiapas, Programa Moscafrut....... 197, 201, 
205, 221, 913 

Chiapas, Soconusco ................ 197-200, 212 

Chia cnet 51-86, 179 


Coahuila.. 5,36, 37, 52, 71, 72,87 


bu 36, 37, 39-42 

Colima, Manzanillo ............................... LIH 
Colima, National Reference Center for 
Biological Control .............................. 41 


Dirección General de Aeronáutica Civil.909 
Dirección General de Sanidad Vegetal 


(DGSV) ......... 33, 38, 39, 41, 42, 87, 561 
DUFAtigo: eeik iere 71, 72, 87 
El Colegio de la Frontera Sur......... 197, 210 
GUE ieri iens 34, 36, 37, 41 
Hidalgo... . 34, 36, 37, 41, 42 
JALISCO ix — 36, 37, 40, 42 
Mexico state, Tecámac .......................sss. 39 
Michoacán 
A rat 
National Forestry Commission.....567, 568, 

571 
National Park Service ............................ 567 
National Phytosanitary Reference Centre... 

Mab RC RR TREE REED HOT AE 575 
NAY Att oc... tentent 36, 37, 40, 42 
northern.51, 52, 165, 576, 591, 777, 785, 790 
Nuevo: LOOM . seernes 36,37 
(AKA A miiomemieis 34, 36, 37, 41 
Phytosanitary Epidemiological 

Surveillance Programme......33, 575-577 
Puebla: zin oe ERRORIS 36,37 
Querétaro ... 36, 37, 39 
Quintana Roo. ...34, 36, 37, 40, 41, 561-577 
Quintana Roo, Isla Contoy.............. 562-575 
Quintana Roo, Isla Mujeres ............ 562-575 
San Luis Potosí ............................ 36,37,42 


Servicio Nacional de Sanidad, Inocuidad y 
Calidad Agroalimentaria (SENASICA).. 


33, 41, 44, 55, 87, 176, 179, 199, 212, 
561, 567, 568, 570, 914 


E re ene 36, 37, 40 
BONOT ciirsa 36, 37, 51, 55, 82-88, 179 
Sonora, fruit fly free area....................... 171 
State Plant Health Committees.....38, 41, 43, 
210, 212 
A etie 34, 36, 37, 41 
Tamaulipas . ... 36, 37, 87 
VETICTUZ AM 36, 37, 42 
Yucatán «sese 33-41, 562, 565, 574 
Yucatán Peninsula ...564, 565, 574, 576 
Wn m — Á—Á— 36,37 
Mexico-USA Bi-National Cactus Moth 
Programme... eet 564, 574 
Mexico USA border .....................sssss 188 
Mexico-USA New World Screwworm 
COMMINSSION «morire EE 296 
MIC netos 709, 806, 811, 848 
microbial ..... .921, 929 
community..... . 236, 920 


control agents A 658 


diversity ...... 4,917 
mutualisms . ..918 
pesticides .... ..647 
SOES E p ea Eri TEE IEEE 
A OR E EUN ER EN PEE PRTS 
symbiomes 
symbiotic associations ......................... 920 
—€————ÓÉ 411, 646 
... 375, 476, 477 
embryo... ricos 375, 386, 387, 476 
1nieronutrients....uieoi crm 
deficiencies. 
mictosatellites................. 5: 


A tesa S ERU 
microwave... F 
Middle Basters reete 
migration 

DEDO UE adi 830 

Didi 789 

desert loc dins 767-770 

human......... . 165, 641 

MMOSQUILOCS =ss2:snsceiessesszcessnetaseisusestessuceates 348 

moths... .. 72, 604, 782-789 

PASSIVE ——————! 308 

patterns ... 767 

routes .......... .770 

Weather- dv iii 72 
migratory ......... 220, 777, 782, 785 

capability ......... rentrer 787, 789 

rur m —————— 766 

pests........ 619, 765, 766 

SUVS proa eR 766 


A a —— 783 


990 SUBJECT INDEX 


mobile... ii 757, 772, 777 
applications... 546, 547, 739, 897 
Ground Te leds ss esaet E 223 
In-Field devices.............. ee 900 


splicing factor... 852 
take-off station.................. sss 914 
modern biotechnology .. .237, 645 


MODIS e ——— 773 
satellite data ...... 284 
satellite images... s 292 


analysis ernie E 
biology. 
containment strategies.. 
TILDA orar 

markers ................... 305, 306, 311, 312, 861 
mechanisms ... 155, 833, 834 
fecombrnation.... serene 646 


techniques... 39, 40, 290, 471-474, 645, 918 


monitoring ................... 331, 414, 451, 582, 770 
arbovirus transmission ..................ssssss 325 
automated iia 897, 898, 900 
by:citizens. vaciado 739, 740 
endemic populations ...................... 891, 895 
environmental .......... .283, 298 
A ete Reed 357 
Blobal usamos 765 
grids..... 680, 687, 689 
e ON 898 
mosquito ...... ... 7129, 731, 733, 738-740, 742 
mutations in populations ........ 305, 306, 314 
networks ......... 519, 521, 674, 678, 732, 740 


population... 78, 81, 154, 217, 545, 790, 792 

programme...39, 78, 132, 133, 584, 590, 601, 
607, 729, 731, 739 

POACHING? eeu EIN 

sudore 

resistance 


SM ires 96, 353, 356, 444, 634 

tidal activity... eset 324, 332 
MONKEYS e —— 848 
monophagous .. ... 618, 622, 627 
An 251, 252, 405, 633 
Moroccan locust... 765, 766 
Morocco 
morphotypes A essere eeees 217,222 
Moscamed Brasil....................... sss 223 
Moscamed Programme (Guatemala-Mexico- 

USA) ...... 161, 188, 297, 483-502, 519, 521, 

522, 526 

El Pino facility ................ 135, 176, 177, 522 

Metapa facility.176, 177, 179, 197, 201, 202 
Moscamed Programme-RD ......... 185, 519-536 


mosquitoes...223, 251, 252, 337, 359, 474, 505, 
633, 641, 795, 806, 809, 833, 903, 910, 912, 


915, 932 
abatement .............. s 319, 320, 321, 336 
Asian tiger mosquito.....324-327, 342, 346- 


350, 367-395, 405, 408-411, 443-450, 
472, 729-741, 748, 822 


beneficial. iue ee era ede 328 
black salt marsh mosquito .. 322 
A —— 328-330 
MSHS cesses 327-329, 350 
Hood water ins 324, 433-455 
monitoring ....... 729, 731, 733, 738-740, 742 
production facility .. 387-390, 415, 752, 754 
southern house mosquito ....................... 323 


vectors...339, 340, 343, 368, 395, 405, 406, 
409-412, 427, 428, 443, 444, 748, 796, 
810, 931 

yellow fever mosquito....324-327, 336, 339- 
358, 373-375, 405-428, 443-447, 473, 
747-759, 813, 815, 844, 846, 852 

MOHS, MS 221, 354, 777, 780, 793 
almond MO scale erts 
apple clearwing moth............................. 

Asian gypsy moth ......................... 

Brazilian apple leafroller 

brown-tail moth ............................. 

Cactus tioth. essc e 113, 561-577 

codling moth...111-125, 216, 443, 706, 779, 
782, 785, 786, 790, 791, 896 

corn earworm..... . 896, 930 

cotton leafworm.................sssssss 935, 936 

diamondback moth . 646, 833, 924-930, 933 

European grape berry moth.... 


European grapevine moth......581-594, 597- 
613, 779, 787 

fall armyworm ........ 765, 766, 777, 896, 907 

false codling moth...93-108, 113, 121, 291, 
443 

giant peacock moth... eee 779 

grape berry moth... 594 

A A tee eo 594 


greater wax moth ........................... 240, 936 


SUBJECT INDEX 99] 


gypsy moth...505, 510, 511, 515, 551-559, 
779, 783, 788, 789 

heliothine moths ........................... 
honeydew moth...............5.. eee 
leafrollers....................... 
light brown apple moth... 
mulberry pyralid ............................ 
navel orangeworm ......... 
DOCM toco OD EO Res 
oblique-banded leafroller 
oriental fruit moth...216, 779, 782, 783, 786, 


896 
pink bollworm.....51-88, 113, 443, 591, 777, 
779-785, 790, 791 
striped rice stemborer............................. 621 
tobacco cutworm............ eret rennes 935 


tortricid moths...93-108, 111-125, 506, 581- 
594, 597-613,779, 785-787 
tropical gypsy moth 
tussock Moths reines 
movement.....61, 68, 77, 82, 87, 166, 199, 412, 
489, 556, 783, 861 
accidental 


authorization: «icon ros rem OO 
controls ...... 
diffusion.. 


mated females 


o iere e retten 
model for dispersion 

pl —— 165, 166, 172, 531 
plant material .... 39, 541-546, 549, 586, 787 
TéSLEICUIODS ; coiere 121, 469, 589 
Seed-Dortie; ai en tbe 52 
AA A eren 69 


mowing 
Mozáàtnbique..... eter e 
mulberry pytàlid.......... nre 
multi 
actor network ...... esee ient 
agent simulations .. 
billion dollar ......... 
cellular organisms. 


cultural landscape . 
dimensional 


disciplinary ............. 
disease 
functional... ecrit eter 

gene resistant JL... esce aee 


institutional... ee 
liar —Á—Á— 
media campaigns .. 
Organizational: sseni isn iN 
Organismal ono aaa 
rotors .905, 906 
Séctoral eis iecit ten 
A tet eer 
spectral camera - 
spectral image analysis ........................... 773 
stakeholders 623, 704 
tactic 
n c4 —À 


muscoid flies 
Trish OOTIL; a 1e lieti rv Ei o ERE 
mutagenesis ................essese 

chemical 4t oe ERES 


insertional ... 


oligo-directed. ..647 
radiation...... ..819 
tand ODN r es 812 
stesdirect disc aia 816, 847 


mutagenic chain reaction....795, 796, 798, 799, 
801, 802, 805 


mutations ...................-. 802, 816, 817, 819, 936 
frequencies . 306, 314, 829 
Bene drives; eec 796, 818 
genome editing ............... 819, 825, 828, 829 
inactivating ............... sss 825, 829, 830 
monitoring in populations...... 305, 306, 314 
natural rate 
off-target..... 

DONE tse 

Fandom... neces 

resistance 
AAA evt ose eeeeo e 
Spontaneous... eerte erret 649 
structural 


temperature sensitive lethal...132, 176, 816, 
817, 826, 828 


Y chromosome: eec terere dece 844 
A 378, 919, 922 
Myanmar sos iE rere 372, 472 

Ayeyawaddy delta ............................. 20, 22 

N 
DA —É—— 
Nagoya Protocol 
Namibia, Caprivi Strip.. 
Natal utili o petente 
natural.....220, 235, 240, 286, 319, 334, 337, 

371, 453, 752, 800, 801, 846, 860, 872, 886 

abortion rates ..............ssssssssssss 284, 289 

Dari siete hem 300, 769 


biological control............................. 26, 657 


992 SUBJECT INDEX 


Cont 41, 152, 330, 618, 619 
DNA repair mechanisms........................ 648 
dispersal nszsrs 8, 306, 563, 787 
distribution range... eee 163-165 


Pheromone ...............seses 780, 782, 792 

populations.....106, 205, 237, 305, 306, 314, 
315, 407, 409-411, 414-417, 420-424, 
650, 788, 844, 846 


jocos M —áÀ 572, 733 
resource management .... 695, 700, 705, 706 
E eset o cer mains 378, 791, 851 
spread 180, 541, 788 
A 415 
SUDDEOSSIOD., ceteros 224, 328 
vegetation ... 

wetlands 


natural enemies...17, 23, 29, 119, 153-155, 244, 
621, 626, 627, 658, 661, 662, 899 
abundancia ais 
attraction..... 
conservation... 
destruction .. 


exploration programmes . 
flower bunds...... em 

herbivore interactions .....................sss. 
importation 
invertebrate 


MATKCHNG canas 
nb M — 
non-native... 
Of OBS: cotes REOS 


TISk analyses. ice ntn 660 
navel orangeworm .............. 779, 783, 787, 789 
nectar enaren 23, 149, 618, 620, 624, 628 

extrasfloral. citan 27 

feeders .... ..783 
nectarines.. .. 786 
nematodes........... ...409 


acaropathogenic ............... esee 260 
entomopathogenic.......................... 240, 932 


filarial ici 464, 474, 475, 731 
Neotropical region ........................... 167, 305 
Nepal ————— 146 


A AREE EE 
Netherlands .......................... 

Mosquito Radar . 
Die WOTKS irissen: 
communication ................eseeeeeees 
detection 
horizontal sneren 
institutional... 
monitoring ...... 
mosquito ditches 
quarantine stations 00.0... 531 
trapping....180, 486, 489, 522-528, 533, 535, 

540, 545, 546, 551, 554, 562, 574, 575, 

582-585, 686, 787, 788, 877, 880, 883 


surveillance............. 182, 534, 562, 564, 880 
vertical M — — 703 
New World screwworm......113, 296, 305-315, 


443, 470, 732, 814 
New Zealand..122, 124, 514, 665, 870, 891, 895 


AghResearch ........ certe eie 505 
Better Border Biosecurity .............. 505, 516 
Institute for Plant and Food Research ... 121, 
505 
University of Auckland 
NICATAQUA enanas 
NICHE DN NE 
modelling... ete 
replacement 
brin E 
Nip anios 
night vision.. 
Moa 
A erret iie 
fertilizer .. 
A 
DiOGtulds..: oe eret rete or ee REUS 
non-communicable diseases....... 161, 162, 170, 
171, 189 
non-diapausing Strains... eee 153 
non-governmental organizations........ 709, 717, 
721, 832 
non-Mendelian inheritance ......................... 650 
non-native 
biocontrol agents ....655, 656, 661, 662, 665 
fruit flies ..... 133, 166, 170, 180 
ATICUESIOTIS:.. oie eere etre AE 514 
itiVertebrates essersi eserinin 660 
natural enemies....... 562, 655-657, 659, 664 
lj M — M MÀ 33, 562, 656 
plants oo O 561, 802 


SUBJECT INDEX 993 


Impact... a ete 428, 513, 555, 662 
Indicator SPECIES yin 284 
organisms ..151, 152, 427, 437, 827 
A E 327, 374, 827, 852 
Nordic ATO: nie or SOR 800 
North Africa ........ 165, 166, 552, 582, 766, 787 


North America...87, 131, 186, 234, 240, 261, 
306, 308, 466, 470, 475, 551, 552, 555, 559, 
587, 593, 731, 789 

North American .......................... 
cattle industry 
colonization ... 


MU uera mte erm 
O A ets 
EOS eee ues 
North American Plant Protection Organization 
(NAPPO; m —— 561, 567 


engineered nucleases ..... 649, 809, 811, 849 
homing endonucleases...471, 798, 806, 809, 
813, 848 
meganucleases ....................... 648, 809, 812 
RNA-guided endonucleases........... 848, 850 
site-directed nucleases .... T 
transcription activator-like effector 
nucleases (TALEN). 648, 798, 812, 813, 
848 
zinc finger nucleases (ZFN)...648, 809, 812, 
813, 848 
nuisance...277, 322, 324, 372, 434, 435, 437, 
442, 447, 452, 454, 731, 733 
nurseries...33, 40, 46, 541-543, 546, 547, 550, 
563, 586 


nbi Mec —Á—Á—MÓ— 170 
oblique-banded leafroller............................ 896 
¡AAA 
OCEANS ii ana 
off-target 
DNA cleavage 650, 798, 811, 813 
effects... sns 798-800, 803, 825 
InutatiOns A EN 834 
off-the-shelf 
POSTOMONES: cs ricerca irte 896 
remotely piloted aircraft systems ... 907, 910 
AP rece mean A nena 82, 83 
Old World screwworm ............... sene 464 
— (€ 143, 149, 154, 618, 627 
ieu 582, 588, 928 
.165, 168, 373, 919, 925, 928 
e 770 
Jebel Akhdar Mountains ........................ 769 


onchocerciasis aseri 634, 635, 639 
One Heálth........ tette 251-255, 261 
onion fly 121, 930, 932 
ONLINE: SUVEN coiere des 759 
Open Data Kitano: 893 


orchard sanitation...93, 94, 103, 139, 154, 179, 
671, 677, 679, 704 


orchard-by-orchard management................ 786 
organic 
certified... oae ce 75, 123, 607, 611 


A eren 123 
insecticides . .. 42, 133, 484 
mata siii 234, 236, 323 
Didi 
OnGhardS AA 

persistent pollutants ............................... 122 
production... 118, 512, 591, 611 
vineyards... 591, 607, 611 


Organismo Internacional Regional de Sanidad 
Agropecuaria (OIRSA)...172, 185, 519, 522, 
536, 561 

OLBANO GLAM esee reete terrere e een 540 

oriental fruit fly ........... 150, 164, 172, 514, 896 

oriental fruit moth. 216, 779, 782, 783, 786, 896 

ornamental... 520, 539, 540, 563, 564, 571, 733 

outbreaks...69, 77, 108, 116, 139, 145, 166, 180, 
185, 234, 258, 352, 406, 545, 589, 604, 673, 
685, 731, 768, 894, 895, 898 


ATO EPE E 40, 532, 553, 566, 567 
cactus MO «ciet 561-577 
dengue ... 346, 747, 748 


desert locust.................... 768, 771, 776, 777 

diseases....38, 253, 337, 406, 633, 635, 637- 
639, 641, 731 

dyháricS ucro iii 886 

SYPSY moth... recte 551-553 

Mediterranean fruit fly...166, 180, 185, 484, 
491, 519-534, 869-886 


populations ..................... 258, 491, 552, 570 
planthopper. .618-620, 624-627 
propOrións nisse 237, 619 
MES POSE «dero rne oen 638, 685 
simulatio... eren 869-886 


MI rcf —— 484, 497, 499 
outreach...43, 116, 238, 244, 583, 586, 590-594, 
747-759 


ACHLEVITIES: ses eere 562, 751, 757, 759 
materials ..... .568, 752 
programme... eontra 582, 591 
public...... 321, 545, 568 
cua PD ——— 749, 759 
RYO cies cci AP EGRE roba px rere Eo dad 97, 99 


overflooding ratios...95, 103, 113, 137, 197, 
220, 222, 223, 353, 391, 394, 407, 571, 789, 
7190, 847 


994 SUBJECT INDEX 


CAPACI € E 
diapause .. 


strategy ... p 

Durum ——— 
OVIDOSIHOD, errar 

autocidal gravid ovitrap .. 

A rene teet 


CARES) eerie at 
cues...... 
fene eee 
marking pheromone. 
period... 
preference ................ 
pre-oviposition period............................ 
SMCS tia 147, 150, 220, 244 
traps ..... ....347, 348, 415 
puc laa Mn 147 
ovulation sequence ................seseee 294 
P 
Pacific islands........................ss 340, 514, 748 
Pacific. Ocean... eee tree 165, 880 


packing houses...197, 209-212, 669, 676, 684, 
696, 699 


painful bites... rines 233, 236, 237 
painted apple moth............... ee 113 
Pakistan 
Pan American Health Organization 
(PAHO) c —Q 342, 718 
Panama 
PADAY e ——— 
papaya fruit fly... em eee 167 
papaya mealybüg:;...... (eerte 20 
paradigm...... 243, 347, 785, 801, 819, 852, 904 
Paraguay... cioe 18, 29, 34, 307, 314, 340 
parasites............... 256, 300, 710, 795, 918, 930 
blocking transmission ............................ 356 
ectoparasites ................... 251, 252, 254 
endosymbiotic reproductive...371, 374, 378, 
379 
humani... ree e etre ne 
integrated parasite management 
obligate 
semi-permanent acarician 
Lempotaty...«. ccrte E 
toxins 


A oven 


parasitoids...153, 124, 198, 211, 212, 215, 218, 
226, 242, 256, 409, 473, 656, 937 


aerial release... eee 903, 913,914 
attraction to flowers. 624, 625, 628 
COMMUNI CY. assis eiar eE retine 21,23 
egg parasitoids............. eene 612, 628 
endoparasitoids .. 


establishment 

habitat manipulation ...................... 153, 628 
hyperparasitoids 

IO UC sene etre 
mass-production ....... 5, 19, 34, 41, 225, 913 
mass-rearing facilities............ 3, 9, 201, 224 
nr E ——Ó—Á—Á 208 
parasitisation rate............. sees 208 
planthoppers ........... 618-620, 624, 625, 628 
pteromalid..........: 2 eret 240, 243 
A s aara Se 240 


releases...3-14, 34, 41, 42, 197-202, 208- 
212, 215, 220, 226, 240, 903, 913 
synchronised diapause . 
paratransgenesis ........... 
parthenogenesis 
participatory action research.709, 710, 721, 724 
participatory activities...710, 714, 715, 717, 723 


particle gun... eerte eee entere eee 646 
passive chilling systems............................ 914 
patents: essct 61, 292, 657, 664 
pathogens....240, 339, 409, 656, 795, 799, 812, 
826, 917 
AMMA e ———€ 930 
entomopathogens......19, 41, 42, 240, 658, 
932, 935 
evolving strains... iet 635 
free propagative material ......................... 35 
AA 353 
human............. 260, 261, 368, 919, 922, 930 
A eee tete eee 641 
ODDOTLUDISte.... secet tenti cicós 922 
pathogenic bacteria ....................... sss 918 
plant pathogens.......................... 17, 25, 921 


refractoriness ..... 818, 824, 827, 828 


resistant strains .. .427, 825 
Secondary: ca eerte eie 471 
tick-borne ... .251-253, 257 
LOXITIS «onte ten po PRSE NERIS 343 
transmission.....261, 353, 370, 372, 379, 633, 


635, 639, 641, 824, 919 
vector-borne .. ..368, 372, 379, 635, 639 


SUBJECT INDEX 995 


A oct e ede tene 181, 491, 786 
Decals. «eco veia OT E 75 
penalties... 


perceptions...29, 669, 676, 679, 680-683, 687- 
689, 721, 733, 736, 759, 823 


peridomestic 
A EO 720 
BAECS NEM 342, 346 
ENVITONMONÍS carr 710, 725 


periphery...39, 215, 218, 220, 225, 242, 789, 
792 


A ceno ciat ee 704 
AGO oai euin A aer E VIA NERIS EYE VES 271,607 
snp —— 674 
SCENA Ove tab ete e Ee 912 


Peru...131, 180, 188, 307, 310, 312, 315, 466, 
535 


pest 
control advisers....... 590, 592, 594, 626, 892 
control strategies... ...3, 709, 834 
danos tus eie 618, 626-628 


establishment....62, 82, 161, 165, 166, 168, 
172, 175, 180, 185, 468, 505, 541, 562, 
575, 583, 598, 870, 871, 885 

pé ———— 664 

free areas...133, 162, 171, 173, 179-189, 
198, 484, 486, 871 


free production sites... eee 182 
Ireg.Status s een eines 670, 671, 673 
incursions...515, 535, 562, 570, 891, 895, 
898, 900 
pressure....20, 21, 26, 115, 505, 604, 626, 
671, 893 
O 225, 258, 827 
TESISTAMOS ¡carac a 131,658 
FISK MUS iii 182 
Sécóndaty.. as 82, 85, 603, 625 
suppression .....522, 628, 674, 675, 891, 892 
surveillance ...................... 29, 305, 891, 895 


pesticides...14, 111, 119, 143, 151, 154, 251, 
329, 656, 658, 660, 661, 664, 665, 775, 907 
management..................... 43, 618, 626, 628 
marketing... 


microbial 

resistance 

TeSLEICEIODS A erre ren EP ed 112 

residues .......... 3,4, 136, 810 
pharmaceuticals... teet 657, 804 


phased conditional approach 
phenotypic sorting 
pheromone 


aerial application....61, 66-68, 76, 78, 79, 81, 
604, 605, 609, 788 

aerosol pufférs ..:. oes 780, 786 

atomizer PUÍTEIS cuina crio 781 

attracticide:..... uentos 781 

baited traps...115, 553, 572, 573, 582, 788, 
790, 792 


blends... es 588, 594, 603, 781, 788 
RIETI EE 
dispensers, aerosol... 

dispensers, automated............................. 891 
dispensers, hollow fibres...61, 780, 781, 784 
dispensers, hollow-tube ......................... 590 
dispensers, Lorelei.......... eee 95 
dispensers, polymer.. ...... 603-605, 609, 611 
dispensers, rope .............. 61, 62, 65-85, 785 
disruptant formulations ........................... 781 
LOPS m — —Á—M 
emission................... 

flowable formulation 

identification... A nietos 


laminate flakes... 

mate recognition 

mating disruption......51-87, 94, 113-125, 
237, 510-512, 551-559, 582-594, 597- 
613, 779-792, 891, 897 


microcapsules .......... . 780, 781 
oviposition marking... eee 151 
plume... aene 603, 779, 782 
production... oet 937 
télease taten aera 790, 792 
sprayable..... ...65, 71, 76, 79, 82, 84 
A eter 95, 780 


traps...51, 117, 551, 556, 559, 582-585, 599, 
671, 785, 787-790 


waxy dollops.. crees 781 
Philippines... rtr 18, 618, 620 

International Rice Research Institute (IRRI) 

———— À—— 617, 618, 629 

Visayas State University ........................ 617 
photo 

jussi e ——— 

Ca M ———— dotes 


synthesis . 


phylogenetic 
distant taxa... eer tne 
o rr t ent 
related hosts... one 
relationship .... 
phylogeography .................... esses 
physical removal... tenis 
phytosanitary 
o oie rette 
actions .... 
committees . 
constraints... 
emergency .. 


strategies..... 

surveillance. 
tteatment.......i cere tetris 

pineapple... eter et 


996 SUBJECT INDEX 


pink bollworm....... 51-87, 113, 443, 591, 777, 
779-785, 790, 791 
Pink Bollworm Eradication Programme ..52-86 


Pink Hibiscus Mealybug Programme............ 33 
pistachios nere teen 787, 788 
PIAGUCS T ——— M 768-777 
plant 

Dcum ——— 

Nai. E E E 

diseases... 

A M— ETA 

health committees....... 38-43, 55, 200, 202, 

209-212 
host.....4-9, 25, 42, 129, 135, 137, 139, 146, 


151, 154, 514, 563, 567-574, 587, 704, 
777, 886, 899, 907 


insect-microbe interactions ................ 25,30 
leachates: iie et t etit 149 
material.....22, 37, 39, 541, 543, 546, 549, 
571, 586, 926 
paradigm... nete nette eene 819 
PAthOBENS riscos 23,25, 921 
protection organizations.....33, 40, 167, 172, 
198, 544, 567 
protection programmes ................. sees 33 
sentinel n 
plasma-atomic emission spectrometer .......... 58 
¡A 812, 934 
plasticity 
ecological. ont 27 
in overwintering response ..................... 475 
Pleistocene 
A —— 
PM Siri daras 603, 779, 782 


.. 297, 568, 640, 776 


COME use nee E v ples pon dendi 699 
decisions. 455 
demand ... ...433 
GYNAMICS once 717 
factors ..... . 797, 804 
icy — t€ 296 
initiative.. ..279 
leaders..... ..344 


partners ... 122 
perspective.. ...244 
pressure....... ...435 
resources. 377 
SUP uc iaa 342 
tumor rent 225 


pollinators. erosen 112, 605, 800, 827 
polygons ...... 333, 437, 439, 440, 531, 546, 864 
release.............. 199-201, 205, 207-211, 865 
PO iii tese e ed erste 149 
polymerase chain reaction (PCR)..39, 325, 377, 
388, 394, 424, 448, 724 
PERSREEP erre ee 307-309 
polymorphisms .................... 308, 311, 799, 851 
SNPS 3e e cottidie Gan. 312 
polyphagous.4, 93, 108, 149, 164, 822, 870, 899 
predatiorn... sis 659 
POMACC ae eosesescren ener ecrire ee ente telas 589 
pome fruit. 111-125, 779, 785 
A eee ntes 111, 116, 123 
ll pm ————— 896 


population 

collapse...21, 65, 349, 473, 563, 782, 817, 
824, 844, 845, 852 

density threshold............................ 824, 830 

differentiation... oiii tette 308 

dynamics...4, 13, 21, 26, 43, 173, 197, 198, 
205, 219, 223, 233, 244, 251, 254, 284, 
428, 473, 488, 497, 607, 612, 741, 771, 
900 

ecology: naci dica 484, 502, 567, 830 

elimination...371, 373, 381, 391, 394, 395, 
443, 470, 471, 830, 859 


EXPANSION esser 309, 312 
genetic analyses... eee 312 
genetics....276, 306-313, 818, 859, 860, 861 
growth models... ete 598 
Browth:rates; ausente 166, 598 
isolated...315, 453, 470, 551, 556-558, 585, 
861, 863 
AAA 641 


replacement...353-355, 367-395, 410, 411, 
471, 748, 817, 818, 824-827, 851 
Size estimates... entem ene 455, 880 
SUC IE M saien 305-315 
suppression...66, 94, 118, 139, 315, 339-359, 
367-395, 408-411, 433-455, 471, 484, 
732-734, 748, 790, 799, 817-827, 859 
surveillance...................... 29, 324, 408, 759 
Portugal 
MosquitoWEB .................. eene 
joco M —(Ó— M—Á 
post-harvest 
burying residues 
cold treatment 
control ........... 
crop destruction . 
losses ...... 
measures ..... 
pest absence 
treatments ....... 167, 171, 174, 179, 513, 699 
..4, 162, 276, 639, 712, 858 


SUBJECT INDEX 997 


PRECEDE-PROCEED model .................... 713 
precision agriculture ................... 260, 891, 907 
predation................ 28, 152, 375, 492, 619, 659 
predators...155, 256, 342, 409, 427, 618, 619, 
656, 767, 918, 937 
ts cose ee e ITO PUISSE Ee 290 
aquatic invertebrates ...................... 330, 343 
build-up 
fish.......... 
scr ——— 621 
AA 658 
hoverflies 
laboratory-reared inesse 19 
lc WINES aiii 


lady beetles .... 


staphilinid beetles 


predictive 
analyses iris ..682 
environmental parameters .. ..862 
nr —————— 502 
tools ..... 483, 485, 640 
pre-emptive 
programmes... esit teer reete 642 
ESPOSE —————Á—À 638 
prevention.............. 66, 174, 262, 486, 712, 797 
chemoprophylactic treatment................. 804 
CAMA BE M 101 
MU —— 342, 344, 757 
diseases.......... 345, 406, 643, 720 


programmes ............. eee 188, 341, 640 

reproduction in the field......................... 383 

resistance eee 

tick-borne diseases 

transboundary movement....................... 172 
preventive ...... 28, 236, 564, 575-577, 797, 804 

(ereirei Cd 14, 608 

control Strategy ss ete onere 770 

release programmes ....... 177, 188, 564, 883 
Picar 18, 123, 171, 389, 906 


consumer .... 


differential ..... 4:129 
international... ..183 
property ..... 437 
prickly pear................ ..562-575 
principle of responsibility ........................... 805 
probioftics. sarengna 925, 928, 929 
Probit C —Á— 671, 702 
progeny..94, 237, 411, 796, 843, 848, 852, 929 
female-biased................................. 844, 845 


male-biased. eos 847 


progressive control pathway ....................... 862 

prohibition 

prokaryotic 

proof of concept....339, 353, 358, 385, 387, 
428, 709 


proof-of-principle ................ 372, 644, 817, 849 
prophylactic 
applications 
dips. iue 
treatment 
prospective technology assessment...... 795-806 
pEOUeGCIOR: iii id 
anti-aphid mesh 
CEOD... ise 17, 135, 603, 787, 789, 791, 891 
degradation... ueteres 780 
environmental. eese tret 322 
environmental Stressors ......................... 930 
GfOSIOD. ninas ..169 
parasite infection .. ..931 
¿A ai 937 
pathogens.... 917,922, 930 
physical... petere ee rein 242 
population replacement... . 381, 394 
PU CDA ONS m —Á— 767 
propagative material ..33, 46 
fadiatiOfi.... ceci c eter tete 448 


WASIES c iecit tees repeto Prep PEE 

psychological... n nene 
assessments. D 
DAENS vom DERE 
VEES Terrestre ECT 
literature . 
POPE 
A Tete ds 
satisfaction 
science literature ....................ssss 682, 683 

PSYCHOLOGY P ———" 713 
social... as " 

psychometric model.................................- 622 

psychosocial 
ss A OE URS 678, 899 
factors.. 674, 677, 678 

Psy id cian ici 33-46, 919 

public 

acceptance...237, 238, 243, 260, 372, 410, 
474, 680, 681, 688 

awareness...27, 111, 223, 345, 356, 568, 687, 
725, 729, 741, 759, 833 


housing apartments.. : 
pun re E RE 


998 


public health..... 


A ias erriten aaiae aeisi 
SESSIONS agna n a 


749, 810 
perne MiS ape e ds 
entomology. 
o A ea a E KE 

implications... 710 
importance .. 


programmes 
A cde EN 

SOCIOL gu ———— M" 
services 


Values 633, 634, 642, 643 
VOlUfiteétg:.. - eere rites 420, 421 
veterinary .... 
Workers ... 


colour markers .. 
diapause ......... 
irradiation 
metamorphosis.............eeeeeetetttets 148 
Mot iii 
overwintering. 
AAA rices iseer 
A 
stage.....137, 146, 220, 375, 416, 420, 447, 
475, 495, 499, 598, 928, 929 
Sivad aos 495 


quality control... rosso 


analy Si ias 
management system. E 
MANUAL oi ctt TO 
A teen e 
parameters... 
procedures... 
protocols . 

kien reise dete atia tues 202, 288, 571 
139, 469, 497, 522, 871, 584, 880 
585-589, 602, 883 


——— 181 

TAE 182, 484 

duration... 869, 870, 882-886 
GHTOFCORIEDL. carta 35 
A DP ——Ó 587 
o ———— 182, 531 
E HORA 180, 534 


93, 179, 541, 542, 870 
utere eese 258, 259 


SUBJECT INDEX 


ipests.. asas 43, 107, 130, 145, 173, 832 
¡MAA eterni 113 
ice —À 173 
restrictions .. 
Significance; eere cere 164, 172, 189 
STATIONS: aieo tera 39, 180, 531, 532 
system. 
treaties cd coscasirnsnayserenasiaaiaressaavenn 181, 184 
Queensland fruit fly.....150, 669-689, 693-706, 
894, 896, 899, 923 
R 
TADDIUS sss inen ete 733, 736, 826 
e E T 905, 907 
radiation ...... 369, 370, 377, 390, 816, 819, 825 
DIO ORY E (———— 94 
EXDOSUTE:: ceo deret reme e rs 394 


gamma rays...223, 225, 283, 336, 353, 390, 
394, 447, 448 


ionizing... 

lowsdosei acte 

protection protocols . 

SEO cenar n aii e eee adios 

SOUTCÓS. eese 215, 353, 390, 416, 420, 513 

sterilization....133, 369, 427, 444, 472, 651, 
803, 822, 824, 827 


A esses. 69 
X-rays.....222, 223, 283, 336, 391, 447, 448, 
513, 531 

iro —— 
dol Veces Rente e aee 
programmes... onse 
protective hypoxia 
Cond conocia 
rj ——— 
WAVE m ———— M 

rainfall...276, 277, 436, 467, 484, 489, 497, 767, 
770 
ESMAS e ——— 773 
OVENS ssec sene tees 330, 332, 468, 769 
poop c ——Ó—M—— 325 
laicas 768 
mortality ........ 23, 29 
sporadic nature ........ t ecitetee 768 
variability ............. 324, 758, 769 
vegetation imagery ..................e 773, 775 


raising awareness...17, 413, 418, 568, 574, 674, 


675, 699, 704-706, 729, 732, 757 


random amplified polymorphic DNA 


(RAPD) .. 


ecological ... 

expansion...340, 463-477, 505, 506, 515, 
551, 556, 558, 788 

geographic..51, 309, 340, 374, 505, 506, 515 

MOS ctas 146, 525, 582, 660, 671 


SUBJECT INDEX 999 


A E EE E 562, 563 
native .............. 147, 261, 469, 552, 563, 598 
natural distribution......................... 164, 165 
potential distribution ...... 551, 552, 559, 857 
A t TRE RE 


temperature . 
WIDE: (erret terit ENTERS 
rapid response...130, 172, 534, 562, 635, 701, 

770, 774, 890-895, 898 


reali 342, 539, 542, 546 
A Eni 115, 771, 772 
data capture. 
data flow eae ees 
data PASS iiec teer 
detection E 
MONON O eran 889-900 
PGR tii Ee E AE irii 39, 325 
reporting ..... 135, 139 


trapping data .. 116, 123 

VISUALISATION eriseeria 898 
recombinant 

bacteria: eor err trei rs 934 

DNA .... ..645, 647, 649, 651, 819 

Pla Midi 934 


A t 257, 921 


recombination .. 819, 829, 845 
cd ceret etes 811 
A ER TERR 647 
homologous ................... 648, 649, 798, 811 
moleculab aaa 646 
taa 811 


A tpe E 767, 769 

referendum... ise esten 53, 66, 78, 320 

refractory to pathogen infection..818, 824, 827, 
828 


Maur pM——M— M 51, 60 
abandoned farms........... nete 605 
abandoned trees ....4 eese s 115 
backyard tees orinar iii 118 
labelling issues... neret 87 
non-B cotton .... 

di ——————Ó 
Utada 
regeneration systems..... 

regional areas of control 

regional plant protection organizations ..... 172, 
189 

regulation eiii 239, 296, 448, 674, 697 
area-wide management .......... 671,672, 677 
biocontrol..................... .124, 655-665 
biotechnology 
Bicolon naa 
calls TO 
cultural practices... 
enforcement soe 


European Union........... eene 436, 821 


[3:300 jc: MEE 94 
genome-edited insects.....825, 831, 833, 835 
GMOS;..... e 354, 410, 645-652, 819-822 
import beneficial insects ......................... 124 
international trade................................. 694 
movement of plant material ................... 586 
pesticide marketing................ 618, 626, 628 
phytosanitary ................... 39, 107, 171, 542 
quarantine ....................... 173, 541, 589-593 


remotely piloted aircraft systems....904-915 


unmanned aerial systems 


water authorities ....................sssse 
X-ray equipment... ettet 
regulatory.....56, 88, 237, 238, 356, 477, 542, 
562, 568, 585, 645-652 
AD ENCIES seien eto eee 515, 852, 903 
approval... ettet 354, 833 
bodies ..... .665, 831 
boundaries... oe 673 
Challenges. eee 831, 851 
considerations 645, 809, 819 
context .... .649-651, 831 
GODEEOL : eccesso tios 670 
difficulties c sensor OBI DIE 851 
énforceiment. «use E EATER 54, 64 


framework...122, 174, 239, 377, 646, 649, 
890, 899, 903, 904, 908, 909 


AA 826 
genomic elements ...................... sss 816 
issues 

limitations 

loss of chemicals............................sss. 671 
pathway 

programmes ............ 466, 469, 582, 583, 589 
tequirements costosa la 820 
services 


UNCETA iii 652 
reinfestation...114, 443, 455, 470, 475, 723, 724 
reinvasion....186, 277, 434, 453, 507, 783, 859, 

861 
release 

accidental................ 367, 379, 387, 394, 410 

aerial..63, 102, 129-135, 202, 210, 276, 287- 

295, 450, 531, 790, 865, 903, 912-914 

area-wide ..................sss 133, 407, 651, 899 

augmentative .... .3, 10, 14, 41, 208, 612 


biocontrol agents .. .... 656, 660, 665 
A reme 486, 487, 531, 532 
boxed systems..102, 202, 203, 223, 290-293 
chilled adult............ 223, 2776, 291, 293, 531 
contaminated males ......................ssss 349 
genome-edited insects............. 651, 809-834 


GMOs...345, 354, 410, 646, 651, 803, 819, 
822, 827, 828, 833, 851, 852 


ground.....102, 103, 129, 132, 139, 203, 290, 
295, 450, 532, 533, 913 
¡AAA 135, 450 


1000 SUBJECT INDEX 


infected males.....353, 383, 391, 406, 409- 
411, 472 

inundative ............... 221, 240, 380, 470, 883 

machines ........... 63, 202, 292, 531, 912-914 


male mosquitoes...345, 353-356, 391, 406, 
411-419, 450, 748, 751, 759, 912 

male-only..372, 416, 448, 686, 732, 814, 815 

methods... 102, 276, 356, 658, 686 

natural Enemies ias 657, 659 

parasitoids.....5-14, 41, 200, 220, 612, 903, 
913,914 

polygons .......... 199-201, 205, 207-211, 865 

rates...42, 57, 63, 129, 135, 292, 353, 408, 
781, 896, 913, 914 

sterile flies....... 129-140, 174-189, 197-212, 
215-226, 276-300, 531-536, 686, 688 

sterile males...103, 106, 132, 137, 276, 284, 
293-296, 414-427, 434-455, 470, 486, 
534, 883, 913-915 

sterile moths...51-86, 93-108, 111-125, 222, 
562-576, 613, 785, 791 

swaths 

system 


uniformity ... 
release of insects carrying a dominant lethal 
(RIDL)............ 406, 443, 471, 803, 815, 845 
reluctance .................... 346, 421, 515, 704, 705 
Iii ——— 
forest.... m 
o c oen oerte aee em 523 


population..77, 284, 306, 572, 574, 871, 885 
remote sensing...260, 280, 285, 294, 640, 773, 

859, 860, 904, 915 

IMA 

low altitude (LARS) 

RPAS Das rata 


915 
removal asar 39, 507 


host plants... 
INVASIVO irte 562 


nucleotides..... .649 
outlier values ........... 873 
overwintering larvae ...790 
Suitable habitats... cete 346 


trees ..40, 115, 116, 216, 540, 545, 547, 677 

1SetSQ. eee erret 

waste.... 
repellents .. 
repetitive... 


A 
sequences 

reproductive...149, 502, 563, 817, 843, 845, 932 
incompatibility ............... 367, 368, 370, 387 


manipulation........... 371, 378, 444, 471, 919 
A et ree RER 843, 844, 877 
parasitism ............... 367-371, 374, 378, 379 
potential.. 


SyStEMS sn n 
residual 
ICV Yenen 
COMO Lia 


indoor residual spraying (IRS)......351, 641, 
643, 710-712, 804 
residues casos 133, 313, 427, 599, 847 


resistance 
643, 810, 816 
A 256-258 
alleles.....355, 798, 809, 818, 825, 829, 848, 

849, 851 

ampicil Mitos 934 
arthropod 
Bt-cotton. 


development.93, 94, 218, 242, 305, 327, 825 
A nee 34, 44, 411, 427 
environmental sessirnir 300, 909 
372, 809, 818, 829 
829, 845, 846, 849 


insecticide....3, 114, 121, 218, 242, 305-314, 
327, 348, 405, 474, 641, 732, 784, 816 


knockdoWi cenntar 313, 343 
¡E A 860, 861 
management ....... 51, 60, 61, 78, 79, 82, 243 
máting disruption... sere 791 
mechanisms .................... 242, 312-314, 355 
OOOO ei 59, 78, 314 
multi-gene... 


mutations 


pyrethroid ... 

streptomycin.. 

HICKS oec eS 

tobacco mosaic virus ... 
POS ONION iii 

spatial ..292, 860, 894, 895, 907 

temporal.................. 292, 312, 894, 895, 907 


SUBJECT INDEX 1001 


Responsible Choice label............................ 123 
restriction fragment length polymorphism 


ECOSYSTEMS A terrre 618,619 
Tarmets. toi diosa 619, 622, 625, 627 


sanitation...107, 137, 233, 239, 342, 562, 568, 
635,675, 679, 783 


COMO crei ERR 740 
field...... .152, 154 
pie 179 
Method e —Ó— 239, 899 
orchard..93, 94, 103, 139, 179, 671, 679, 704 
PIACt e R 107 
pre-release... 114, 115, 118 
sapote-fruit Hy... seen 
satellite ............... 
communication 
nbi E ( 
DNA 
images 
navigation system ermenin 860 
reception 
remote SENSING crscivesacion css 713, 907 
Saudi Arabia, MECCa....cooccnonccoccnonnconcconcconoos 626 
SW 
scale pest 
Schistocerca Warming and Management 
System (SWARMS). siipiin 712 
Schinidt, Jti ens cse iet 801 
School... n 66, 748, 749, 753, 754, 758 
children. uico eee 345, 711, 712 
farmer field schools ................... 28, 29, 625 
ingens E —M— 


licensed educators. 


Schweitzer; Albert cecilia 

scientific...38, 514, 652, 663, 751, 797, 800, 
802, 804, 819, 820, 824, 833-835, 903 
articles .... 
community...353, 355, 409, 515, 747, 749, 


805, 852 
COBCODLIS irent HEEEU TIRE 752 
dedicadas 799 
evidence...256, 258, 262, 352, 643, 684-688 
A M 676 


A en RR TRE 757 


AA tec ER Ye 34, 44 
rr E 25 
knowledge .. 
A TAN 151, 754 
principles... eee 2776, 284, 297 
process 
product evaluation ...................sssssss 834 
rationale... i desee reme eret 
research .. 
Speciality: etm rte mentes 
UNC iaa 
understanding 
SOU ip 
A EEEE 
apps 
targeted 
uio UU E 
cages.... 
covers .. 
houses..... 
insectary 
insecticide-impregnated................. 277, 861 
mosquito ............... 342, 346, 804 
segregation distortion ................. sss 845 
selection .... 59, 85, 87, 224, 327, 781, 816, 849 
biological control agents.......................... 41 
endosymbiont. 0.0.0... cess 375, 376 
intrasexual 
lt ii i 
A 
non-diapausing strains . 
AAA esai 
PSSS airis 
process.... 
resistance 
risk management options ....................... 173 
C cM €—— HÀ 153, 791 
d ——— 408, 411, 412, 860, 865 
tolerant breeds... eot is 469 
MaD —— MEET 56 
self 
AWALCNESS m ————— 683 
confidence .. .. 683 
diSpersal.. e oett tete etes 8 
CHICA CY —— M 683 
incompatibility... ..376 
A ——— 776 
limiting... 
Organization... ecce eere casey 801 
perpetuating ... 377, 825 
propelling eere ter REUS 28 
replicating... 798, 802 
SEXE MU scene rst eec etes 
sufficiency .. 
sustaining... 
A ea a ERR HIR 
selfish 
chromosomes... oett 843 


1002 SUBJECT INDEX 


D ————————— 798 
genetic elements .................... 795, 801, 813 
semi-arid...................... 562, 564, 565, 768, 857 
150-152, 155 
rm 770 
EEE EE 275-292 
Direction des Services Vétérinaires275, 277 
Guinean [oros asistir cri 276 
Institut Sénégalais de Recherches Agricoles 
€———— 275, 277, 289, 299 
l'Ecole Senegal-Japon............................ 300 
Ministry of Livestock and Animal 
Production... etes 300 
Niayes area oo... eee 275-300, 862-865 
Senegalese Ministry of the 
Environment ............. eere .298 
Services Régionales de l'Elevage de 
ovr ——À 275 
south-eastern.. 
bui M —ÓÁ—MÀ 
sensory 
Impairment;....... eno 781, 782 
interference. canoe tienes 792 
Organs ..... ..603 
receptors . ..782 
sentinel ........ ... 897 
arial ————Á 890 
chicken... uites 325, 326, 335 
females. 


gardens: cuero ten EP IHRER EROS 


Ic E ———— 240 

lu c ———— 575 
sequential aerosol technique (SAT)....276, 859 
sequential IIT/SIT ............................... 384, 385 
serological surveys .......................sss 277, 724 

SLUG ce ——— 236 
sex determination 

genes... 815, 817, 818, 826, 829, 852 

Pathway Sires, cce be tees 815, 846 
sex ratio ................. .222, 386 


artificially biased .. 
driving distorters... 


Fisher's principle .........................sssss 843 
male-biased.............. .. 25, 844, 845 
non-driving distorters... .. 844, 850 
non-Fisherian ................. eene 844 
synthetic distorters .......................... 843-852 
sex separation ............ 223, 407, 415, 426 
automated... tana 390 
Fay-Morlan sorter .......................... 388, 447 
Imperfect. ieseeetes 370, 379, 395 
machine. cai aio 427 


manual .... 
mechanical.............. 381, 391, 427, 447, 815 


methods .. 368, 370, 379, 395, 410, 416, 447 


sexual dimorphism......................... sss 733 

Strate DIES e ———— 416 
sexing systems.....395, 410, 814, 815, 826, 828 
sexual 

AGI VI Martina 

competitiveness . 

dimorphistm, cii rrr 

intersexual selection ......................sss 149 

intrasexual selection rsss 149 

maturation....... 


performance... ....- eerie tite ent 
reproduction .. 


sharpshooters... 
shelf-life 
Shipment caca 
chilled.. 
ground ........ 
long-distance . 
postal .......... 
procedures .. 
rejected ... 
shopping malls. 
ilag nse 
silver büllet:z s cione eee 
silverleaf whitefly.............. esee 935 
Sindbis virus... 
SIS APOLO ici 341,373, 747-759 
National Environment Agency ....... 747-752 
Project Wolbachia .......................... 748-759 
single-nucleotide polymorphisms (SNPs)... 312 
SIT application...115, 138, 140, 207, 370, 408, 
409, 448, 471, 497, 535, 613, 669, 675, 680, 
687, 688, 791, 871 
component....93-108, 121, 123, 125, 132, 
153, 284-286, 290, 291, 296-298, 513, 
685, 688, 790 


integration......197, 513, 675, 676, 678, 687, 
688 

pilote 95, 96, 408, 444, 449, 453 

programmes....... 93-107, 129-138, 177, 237, 


311, 336, 472, 679, 686, 688, 790, 791, 

816, 822, 828, 830, 896, 912-915 
ROT DID Mm 444 
COMBINE Ms ice 387, 405-428 


female contamination .....381, 391, 426, 427 
potential side effects .............................. 428 
trial... eee 387, 411, 415-417 
Sites pecic ssena 647-649 
sleeping sickness 276, 857, 858 
MCI eier RRR 288 


Slovak Academy of Sciences. 
smart regulation 


social .....111, 567, 577, 622, 669-689, 693-706 
AAA 687, 792 
ACH ON e —— 721 


SUBJECT INDEX 1003 


ABBTESSIVE CUES ninsi 680 
approach 

assessment . 

Barriers: iinei 669, 670, 678, 712, 899 


benefits... 154, 186, 664 


consequences. 
COhtext ..... eene 

COOPCLANON: — 
dimension ... T 
ECONOMY , c. eee ienn e Ree iei Ree Eee ión 
[iiv —— rrecor tee 
AVI 670, 733 
factors...19, 346, 635, 672, 674, 678, 689, 

706, 711, 713, 797, 804 

Impact threshold.............. eee 506 
Interactiofs acere 259, 670 


188068... etes 120, 672, 678 
justice perspective. «ctr nets 681 
landscape .............. ¿072 
learning. iras 700 
loafing.. .676, 681 
TOSSES recen ORROD DONATUS 535 
mechanisms ... .. 670, 699 
media .............. 419, 592, 640, 754, 757, 759 


profile. hat even ies): 
psychological drivers... 

psychological perspective ...................... 681 
research................... 672, 681, 683, 687-689 
science research ..................... 670, 673, 688 
sciences...17, 27-30, 706, 712, 724, 759, 822 
SlratifICatlOn... iie e etae recette 797 
SUCIU TES rra 674 
SUPPOM ¿iio 

SYSTEMS A aarin 

variables.. 

SoClally sioaren a 
just.development.......... nette 805 
responsible............... 123, 822, 833, 834 

socio-ecological systems ............................ 695 

socio-economic... 94, 255, 276, 804, 892 
context ........ .... 17, 262, 699, 713 
AYMAN CS A ese op ree ERR EE Sep eue 258 
effects .. ...660 
factors of risk inn 724 
impacts........... 18, 93, 280, 406 
IMPACTE vta 143, 561 
o re ORE 797 


studies.. 


socio-political 
APS TEES 251,256 
SUM 530 
soil.....23-30, 76, 147, 163, 436, 491-499, 767, 
810, 880, 899, 922, 934 
CONSELVALLON ¿ura 562 


A A ee ist 
fertility... 
landroller , 


recovery... s 
SCIEN CG i dois troie dv Edd 


tillage...... 
treatment. 


South Africa...108, 121, 122, 129, 139, 257, 
291, 562 
Citrus Growers Association ....... 93, 94, 106 
citrus industry ............. 93, 95, 106, 130, 132 
Citrus Research International................... 94 
Civil Aviation Authority ........................ 102 
deciduous fruit industry ................. 106, 130 
Department of Agriculture, Forestry and 
Fisheries asunar 129, 132 
Eastern Cape..... 97, 104-107, 130, 132, 140 
EXPOMÍS ioci 93, 94, 97, 106, 130, 131 
FruitFly Africa................ 129, 130, 133-135 
Northern Cape, Orange River Valley......97, 
104, 130, 132 
Perishable Products Export Control Board.. 


104 
Western Cape .................... 93-108, 129-140 
XS csse 93, 95, 98, 99, 102, 107, 108 


South America...18, 162, 164, 166, 187, 305, 
306, 307, 308, 309, 310, 311, 312, 314, 340, 
466, 469, 486, 563, 594, 731, 788 


South American cucurbit fruit fly ....... 167, 188 
South American fruit fly... ... 167,188, 215-226 
South American tomato moth ..................... 658 
South Korea... etes 617-619, 628 
Environmentally Friendly Agriculture 
Promotion Act (EFA) ....................... 628 
Southeast Asia...17-20, 25, 29, 165, 350, 351, 
405, 406, 428, 730 
southern cattle fever tick... ...254 
southern house mosquito ........................... 323 
soybeans ..................sse 628, 658, 893 
spaces of negotiation ...................ssssesss 699 
spaces of prescription ................. sse 699 
A ees 542, 594, 897 
Agencia Estatal de Seguridad Aérea...... 909 


EU noae 903 


1004 SUBJECT INDEX 


Balearic Islands................................sss 736 
Canary Islands ............... e 539-549 
Fuerteventura ................. 539, 540, 548, 549 
Gran Canaria.. .... 540, 548, 549 
Greenhouses A eene 658 
Mosquito Alec triente 732 
Tenerife 


Valencia ———M 
species-specific.....................ss 

ectoparasitoid.... 

mating distüptiOi sensone 603 

performance... «eene terere rte 24 


pest control 


Sperm... ete 
competition . m 
depletion ..... «dT 
identification.. 377 
incompatibility.. ..444 
spermathecae .... ..436 
spermathecal fill oo. eee 294 
spermatogenesis......843, 844, 846, 847, 850 
sd e — 
viability 

spindle planting system... eee 119 


spotted wing drosophila...373, 513, 813, 817, 
818 
spraying......43, 120, 123, 294, 336, 343, 427, 
470, 477, 510, 545, 586, 619-627, 675, 680, 
711, 828, 859, 859, 915 
aerial.....61, 352, 469, 484, 497, 515, 529, 
551, 555, 605, 606, 608, 671, 784, 883, 
904, 907, 910 
bait......152, 154, 199, 218, 486, 529, 530, 
671, 686, 880, 883, 910-912 
ground.....277, 469, 484, 531, 606, 607, 910 
indoor residual.351, 641, 643, 710-712, 804 
remotely piloted aircraft systems ...907, 912 


SY SUE; ricerca 327, 330, 331, 333-335 
stable flies.... 233-244, 473, 913, 925, 929 
stakeholder...106, 114, 122, 135, 174, 189, 258, 

297, 442, 521, 526, 541, 543, 550, 568, 623, 

652, 669-688, 698-706, 709-724, 747-757, 

776, 810, 823, 831-834, 892, 894, 898, 900 


attitudes. os ceo tr P Hn ter 670 
commitment... 

context 

COOPCLAtON sieren 238, 675, 676 
Coordination... verte 702 
engagement.... ..256, 261, 418, 675, 749 


expectations ................es 122, 124, 139, 704 


groups...123, 672, 675, 676, 694, 700, 703, 
704, 709, 747, 749, 833, 892 

identification sota 832 

interviews ... 


investment 
—— e 251, 693, 831 
.669, 687, 700, 702, 704, 709 
cen 678 
real-time visualisation............................ 898 
Standards and Trade Development Facility 
(ST DE) e — —— 175 
staphylinid beetles ................................s 240 


sterile insect technique...51, 93, 111, 129, 148, 
169, 189, 197, 221, 233, 256, 283, 305, 319, 
352, 367-395, 405, 443, 470, 484, 519, 562, 
612, 643, 651, 669, 694, 729, 741, 747, 789, 
803, 814, 845, 860, 877, 891, 928 

sterilisation...95, 153, 215, 222, 225, 283, 336, 
390, 407, 420, 427, 639, 651, 685, 688, 822 


[er adi nic SEE 699 
[i| n ————— Á— 97, 98 
DOSE c —— ene 102, 223 


facility . ..176, 177, 179, 181, 189 
female.. ..382, 384, 406, 422, 818 
incompatibility........ 353, 376, 378, 417, 427 
male..369, 416, 434, 444, 447, 448, 651, 847 
radiation...133, 153, 369, 377-379, 385, 447, 
448, 651, 824 
sterility.....136, 153, 339, 370, 407, 410, 424, 
688, 828 
complete 
conditional.. 


A enira 
induced....222, 223, 237, 289, 294, 384, 386, 
411, 417, 427, 448, 651, 732 


rd ene RR. 94 
A rr SERERE 408 
nrc 415 


dispersal.. 

dynamics " 

POCOS ancien mieten 
Stockholm Convention on Persistent Organic 

Pollutants rio 122 
stockpiling of eggs... cene 445 
stone fruits................. 08, 130, 181, 676 


streptomycin-resistant................. sese 929 
GUESS -— — Á— 136, 907 
Conn ———— À 930 


biotic.... 
cold... 
economic 
resistance .... - 
striped mealybug........... rernm 20 


SUBJECT INDEX 1005 


striped rice stemborer „c.e 

SUDSIGIES 7 5t ndm Ord 
chemical inputs... ees 
environment-friendly alternatives 

subtropical iii 144, 169, 340 


319, 500, 501 


Tales «eoi rent e OT 670 
TIOS orita 167, 252, 633 
ZONES E — 198, 641 
success rate 
biological control.................................. 658 
eradication programmes....... 505, 509, 510, 
514, 515 
microinjection 
Sudan... ete 
sugarcane 
supercooling points.... 
superinfections.. ........ eco teore cec 
supervision .134, 421, 531, 608, 686, 719 
supply chains ...................... 215, 216, 699, 899 
SUN AM id 165, 168, 172, 186, 188 


.285, 370, 418, 627, 929, 932 
.342, 346, 347, 639, 687, 710 


survival rates 
sustainability.... 


disease-vector control .................... 343, 638 
food production 

longsterm eee aiis 
mass-release programmes ...................... 394 
population suppression ........................-. 373 


sustainable...4, 103, 104, 106, 121, 125, 179, 
198, 218, 394, 407, 426, 625, 663, 717, 773, 
777, 804, 814, 895 
agricultural development ........................... 3 
agricultural systems 
animal management 
area-wide management...111, 161, 254, 255, 

257, 618, 890 


career path Way asasinos ed 638 
COMO as 5,635, 711 
development ....:. 4: 0059 162, 257, 639 
environmentally 252, 347, 639 
eradication ccoo e 862, 866 
ATU cosi ERSTES 171 
funding.................. 131, 132, 139 
livestock production............................... 276 


management...114, 148, 154, 155, 226, 243, 
662, 665, 686, 859, 889, 892, 900 


pest control .................... 347, 809, 827, 828 
production of sterile insects ........... 100, 107 
programme w 113, 124, 347 


tsetse removal ... 282, 861, 862 

tsetse-free zones... 284, 861 

use of biocontrol agents ......................... 664 

vector control.....409, 633, 634, 637, 639, 
641, 748 


Sustainable Development Goals..162, 634, 635, 
637, 858 

swarms 
desert locust................. ... 
A seco ence Hesteseciss 
mosquito mating 

SWedefisc rre ert rette reet 


central... en 
Environmental Protection Agency ......... 441 
A A 434 
Supreme Environmental Court .............. 438 
Swedish-Norwegian border ... E 
Uppsala University .............................. 
SWEEL DeDDOUS. uie prendere ona einn 
Switzerland.. 
SVIMDIOMICS) oer oe ree 
ao A 154, 471, 922, 928 
bacterial.......... 339, 353, 448, 449, 918, 932 
endosymbionts......367-395, 409, 427, 919- 
921, 930, 936 
facultative..«.. emere 919 
TSEC eset 918 
insecticidal activity... eee 935 
obligate mutualists... 919, 922 
origin termi... uec trn eire 918 
Sécondaty:..... secre teet reete 922 
SETY esee t bee tee 353 
symbiosis 
Synchronicity AAA 
A AAA 
development .. ES 
A O On 
e oeste ier 147, 148, 445 
hatching 436, 445, 450 
mating behaviour ..................... sss 150 
Satelital 
attractants 
A — 
gene drive system oo... eects 818 
insecticides 
OFBaniSmi ii ia 
pheromones .............. 95, 567, 603, 779, 780 
sex ratio distortes........................... 843-852 
systems approach......... 107, 172, 174, 184, 698 


121, 131, 182, 465 
Tanzania, Zanzibar ......282, 290, 297, 470, 861 


HAL DCIS: ETE 637, 638, 642 
blue and black fabric 241 
DNA Sequences... ierit 849 
eradication ...................... 300, 509, 510, 514 


insecticide-impregnated..233, 240, 243, 244, 
2776, 282, 293, 862, 863, 865 

nàtiotial. oir ici 638 

IDEIFDAT o ON 220 

POC cir a 136 


1006 SUBJECT INDEX 


taxes 


(cl ——ÓÁ—M 124 
special taxing districts............................ 319 
that discourage behaviours..................... 171 
taxonomy; «eremo 146, 664, 920, 922 
Integrative... oreet 222, 257 
UnDITOTE. ssi ccrte reden 649 


technical advisory 
committee...88, 185, 519, 522, 526, 536, 602 


uci E E E 643 
technical cooperation....161, 277, 285, 298, 300 

projects... secte 174, 175, 177, 279 

regional projects ................... sess 19, 183 
techno-centric 

emphasis. ...693 

pneu —— 694 
temperature anomalies ........................ 488, 775 
temperature sensitive lethal......132, 176, 816, 

817, 826, 828 
Termites.. esee 921, 923-927, 930, 934 
¡Ca eiecit meme 149 


Thailand...17-29, 347-353, 405-428, 433, 444, 
451, 617-621, 626 
Chachoengsao Province....22, 407, 411-413, 

419-426 

Department of Agricultural Extension.17,19 
eastern.... 21, 28, 29, 407, 411-413, 419-426 
Mahidol University ........ 405, 415, 420, 433 
Ministry of Public Health....................... 419 
Nakhon Pathom ......405, 414, 415, 420, 433 
Rice Bowl......... emm 617, 619 
Thai Tapioca Development Institute... 19, 29 
Thailand Institute of Nuclear 


thermal a ASI 101, 287 
accumulation...492, 869, 870, 882, 884, 885 
accumulation models...607, 870, 871, 873, 


882, 885 
COMAS seco terreno eie enne Dee ou 492 
fogging.... ...907 
A O 484 


summation .. .874, 881 
PATI S E UR 510, 658 
ticks ............. .. 464, 468, 510, 635 

Asian blue tick... eese 254 

Asian longhorned tick.. ... 261 

black-legged tick................................... 260 

borne diseases ....... ..251-262 

cattle fever tICk3. cene 258-261 

global distribution................................ 252 

hard ticks 


tnanagerment...o. conie their 251-262 


population dynamics...................... 251,254 
rédwater A ieni ia 253 
regulatory programmes ................... 466 
soft ticks 

southern cattle fever tick........................ 254 
SPECIES M — 252, 255, 257 

tidal 

activity monitoring ..................... 324, 332 
TIüCtuatiOnS: ses tite 330, 332 


tobacco cutworm .............esseeeee 
tobacco mosaic virus . 
A I SE EA 


plant defencés....... eee 
total population management.............. 198, 859 
tourism ................ 341, 634, 656, 731, 733, 741 

AQTILOUFISIN: cuire itii inten 114, 120 
tourist . 166, 534, 567, 733-739, 742 

QUCAG aiii 525, 526, 568 


destinations. .519, 520 
IU iento dad 566 
population... ..530 
TOXIC ences ..933 
Dait Spray A ni 218 
effects uus 120, 827, 936 
DeutOLOXIQ a ioi ne 352 
TESIDUES D PT 428 
toxicity 
phytotoxieity:.: ede noc 605 
(ode 343 


paralysi oono niece TER NUS 
toxin-antidote systems . 

tracea bliy anios 96, 606, 891 

trade..... 174, 555, 598, 645, 656, 671, 702, 869 
agricultural .................. e 831, 832, 889 
bans...145, 163, 164, 185, 519, 520, 534, 821 
Dai 169, 173, 895 
chain .... 
A en tete tr RU RU D RE ONES 
A 164 
CISTUPMOM A arere oren 164, 898 
global...... 111, 121, 125, 165, 506, 641, 730 
horticultural .................... 163-167, 171, 175 


international...130, 131, 163, 171, 172, 183, 
253,256, 593, 684, 694, 821, 831 


international fruit ......... . 144, 145 
international regulations ................ 173, 694 
markets ........... 171,173, 198, 218, 671, 821 
nrw 628 
requirements .. . 700, 701 


o ere ri 522 
systems approaches . ..698 
transboundaty.. s eeneen iUe 165 


SOTUETIGS A cedi e b YR 505, 514 


SUBJECT INDEX 1007 


training....9, 11, 41, 108, 225, 275, 342, 352, 
543, 548, 683, 702, 751, 895 
COMU dci 
disease diagnostics 
A ———— 
extension workers. 
A E 


POWIS seen enero eterne 
hands-on 
health personnel... eterne 343 
qriaterialez rta 10, 776, 777 
public health entomology....... 634, 638, 640 
staff...279, 172, 522, 549, 588, 594, 718, 776 
train-the-trainers ...ooocccoocnnonnconnconnconnnos 543, 776 
trajectory model.......................... sess 776 
transboundary 
E hee es hevsceeed 251, 252 
movement... .... 161, 165, 172 
nature ...... .. 186, 189, 776, 889 


765, 766, 771, 777 


GSMS pee € 163 
threats .. 765 
Ui p ————— 165 
transgene... .. 645, 647, 817, 852 


constructs .............. .. 813, 816, 826, 833 
delivery techniques ........................sss 646 
distorter................ssuss .847, 850 
encoded-endonuclease ................... 843, 846 
EXPLESSION ws..cdeiessssdsessvavssaeseees 816, 850, 851 
MACU MOM ie ERES 850 
insecticidal 
modification... 649, 852 
Sel Ft Oro. see rre 652 
transgenesis 
AS eee eee 647, 934 
transgenic eese eere ettet 
approaches .. 
longs ———— 
CONSHUCTIONS oerte dee 355, 819 


modified organisms ....................... 851, 852 
mosquitoes.............. 356, 357, 815, 833, 847 
A rre ER EET ARR ERAT eT 850 


RD P—— S" 845 
SEXING SMA eost 416, 471 
Straits... sss 357, 816, 934 
téchnologies: coria 815, 830 

transinfection......374-376, 379, 385, 409-411, 
463, 473, 476, 477 

translocations...................... 378, 382, 471, 816 

transmission................. 476, 637, 722, 843, 845 
African animal trypanosomosis ............. 298 
blocking 


¡AAA E E E 
CYCLICAL n 


dengue ............ 341, 342, 346, 348, 354, 748 

disease...324, 337, 339-342, 347, 352-358, 
411, 426, 474, 636, 712, 714, 758, 818, 
830, 859 


dyhatmies ais 
geo-referenced data.. " 
hOonzotitals ecce ie ret 
local ccv retener DOSE 
malaria... 795, 796, 800 
maternal ...371, 376, 380, 385-387, 410, 411 
mechanical «coiere EDS 282, 296 
pathogen.....261, 353, 370, 372, 379, 633, 
635, 639, 641, 796, 824, 919 

Saint Louis encephalitis.......................... 323 
vector-borne ...341, 343, 406, 635, 639, 710 
MO ——— € 904 
Vertical enc eei e EN T ees 386 
NATUS: iiec 325, 341, 354, 355, 386, 411 


transparency...297, 345, 489, 543, 606, 645, 


646, 649, 652, 664, 749, 899 


transponder na oco npe 905, 907 
transport..41, 165, 277, 405, 476, 772, 773, 858 


anthropogenic 553, 555, 788 
DORES nas 69, 287 
(iri Cá 124 
equipment. «Lise repeteret er e teres 589 
long-distance ........................ 2776, 449, 450 
maritime 

protocols... ote 286, 288 
pruning wastes... eer teer 608 


sterile insect...69, 101, 102, 108, 202, 222, 
276, 286-288, 390, 407, 416, 420, 448, 
449, 914 


SIAL By... ceci teen b cs 434, 444 

nome EE 8, 449 
transposable elements................................. 816 
TrapGrid software 


WIP i seen cn tee rore 


delimitation..... 
589 

densities; eerte 

detection ......... 


guidelines; score tees 

mass-trapping......135, 155, 347-349, 510- 
512, 544, 545, 571 

networks...180, 486, 489, 522-535, 540, 545, 
546, 562, 574, 575, 584, 686, 877, 883 

probability of death... ete 877 


traps 


rodent 

systems... 117, 290, 348, 451, 484, 509, 567 
VOTE CatlON di doe 534, 535 
adhesive-coated plastic bags .................. 241 
Alsynite fiberglass panels... - 
attrac Venes Sonone ee eee 876 
autocidal gravid ovitrap ................. 347, 349 


1008 SUBJECT INDEX 


blue and black fabric 

bucket een Pera 

buffalo fly traps 

camiera-fitted. «i cierres 

carbon dioxide-baited CDC-traps..325, 452, 
454 

CDC-light. ......324, 325, 434, 455, 735, 740 

Cook & Cunningham (C&C) ................. 534 

delta.............- 56, 86, 95, 104, 588, 599, 897 

dynamic micro-networks ....................... 546 

escape probability ......................... 875 

food-based ; 

fruit-mimicking................... sss 150-152 

gravid Aedes trap (GAT)........................ 347 

PLA 731,753 

Jackson .......... .. 499, 523-526, 534, 880 

lethal OVittaps sissien 

McPhail .................. 

mechanical rodent. 

modified Frick ...... 

MosHouse sticky ................... 414, 421, 422 

Multilure......... 201, 205, 523, 526, 533, 534 


ovitraps...347, 348, 356, 392, 394, 414, 415, 
423, 426, 731, 737, 739, 740 


Phase IV ......... 499, 523, 524, 525, 526, 533 
pal. "—"——!— 892 
spherical green sticky...................... 151-154 
Sticky esie 240, 241, 740, 897 
trap plant... cre ciem reo tegens 621 
trap tiucks.. sse caecis 324, 325, 335 
Vavoua ..241, 276, 280, 285, 293 
whbite.traps. assi 241, 545 
WAN c ——MÁ 241 
wing trap m 
yellow: panel «eec rms 534 

pa 598, 656, 674, 730, 747, 869 
great distances........................ 165, 166, 765 
international ..........5... mets 253,514 
patterns 
travelers .. 
volume 

treatment threshold 

tree 
backyard ....... 38, 41, 43, 118, 130, 677, 899 
bands.... .. 116, 790 
death .... 3,922 
holes Millie citant 329 
host...41, 111, 114-116, 150, 529, 531, 552, 

880, 926 

Infected eere nee netter teens 33-35 
INSPOCHON ricos 540, 544 
imanagement.... see entered 543 


owners .... 114, 116, 120 
prn 539-548 


li 40, 116, 216, 677 
replacement... essere egre 35 
inni ———— 545 
triangulation 713, 714, 724 
THOM cierre meii 7110, 720, 724 
Control aristas 722 
infestation 713,720, 724 
Trinidad and Tobago .......................... 307, 308 
trophic 
(ELI O AO 23 
COLO A ———— 18 
o reete eer 29 


conditions ..................sss 169, 197, 198, 211 


diseases... . 633, 634, 642-644, 710, 718 
a E 
plants ...... 


tropical almond........................... 
tropical gypsy Moth niverns 
Trouvelot, Étienne Léopold. 
trypanocidal drugs .............................. 
tsetse...113, 221, 240, 275-300, 353, 370, 373, 
379, 443, 470-473, 505, 510, 732, 857-866, 
911, 913-915, 919 
belt.. 277, 280, 282, 292, 300, 858, 862, 863 


control ............ 275, 277, 290, 857-866, 903 
dispersal sosna 292, 300, 863 
distribution... 282, 857-866 
AS m — 864 
eradication...282, 283, 290, 296, 297, 300, 
861, 913 

free zones................ 279, 282, 284, 861, 863 
hg ——— 280, 284, 866 
MASS=ATPEATING .... certet ita 


population genetics.. 
A A AEE E 


Turkey, Anatolia. 
tussock moths .. 


advertising campaigns ...................sses 

education series ....... . 622, 624 
Mat Ona i onn RI 298 
serials... 618, 624, 625 
SHOWS x eee eei ee o eR eta esed 419 


tyres....... ..331 
discarded tyres... ..346 
scrap tyres......... ..804 
used tyre dumps......... ete 334 


SUBJECT INDEX 1009 


Imperial College London ....................... 843 
Mosquito Recording Scheme ................. 732 
WICORAM ON m ——— 464 


ultra-low volume (ULV )...71, 73, 77, 333, 334, 
420, 859, 904, 907 


undernourishment ................. esses 25,170 
A A ee beers 258, 259 
unintended 
Changes: erm erm tede 801 
CONSEQUENCES ...... ecce serrer rere rete ro ets 797 
population replacement...367, 377, 379-382, 
387, 395 
single-nucleotide variants .............. 799, 806 


United Nations... 
Agenda for Sustainable Development... 796 
International Civil Aviation Organization 


Sustainable Development Goals.... 
635, 637, 858 


UVODE asii 143, 144, 148, 154, 434 
unmanned 
aerial SYSteMS. coccion... 124, 319, 336 


aerial vehicles (UAV).....103, 260, 450, 765, 
774, 904-906 

Alt oral c en ERR 903, 913 

aircraft systems (UAS)... 336, 904, 908, 909 

fixed-wing 906, 913 


helicopters .. 906, 907, 913 
INUS —————— 908 
OPETAN M — 905 
platform ia 
regulations ............... 903-906, 908-910, 915 
upsurges....... 105, 294, 298, 639, 768, 776, 777 
Uptake —————— 638, 702, 894 
area-wide management ................... 669-689 
gene drive systems... 651 
MEDAN cr ete cd 675, 733, 747 


areas...33-46, 111, 135, 216, 325, 348, 352, 
358, 407, 555, 585, 686, 689, 731, 833, 
870, 911-915 

CONUS i... iseiicnsaaeevesescoesebeates 

communities ..... 

environments . 

eradications.... 

gardens... 
habitat............ 

A AAA 

households: iih 679, 689 

o A terme 74,75 

landscape .... 

MOSQUITOES cias 347, 747, 748 

PM Eroticas 633 


A ue HEU NETUS 
vectors .... 
urbanization................ eene 
TAPIA o oett troie tired 
unplanned 
urbanized ecosystems ................. 289, 331, 733 
a E 923, 926 
üricolytiG SWANS aida iris cats dd 926 
Uruguay............... 307, 308, 311, 314, 466, 710 
border wath Brazil... aeris 312 
Pasteur Institute ..................... esses 305 


USA.....4, 51-87, 94, 121-124, 131, 173-188, 
216, 235-239, 253-261, 307, 319-321, 347, 
350, 353, 373, 448, 466, 484, 485, 510, 535, 
542, 551-559, 562-576, 581-593, 607, 646, 
788, 820, 821, 870 


Alabama: rcs rer 564 
ATIZOA eror stereo s 51-88, 784 
Arizona Cotton Research and Protection 

Council (ACRPC)................... 54, 77, 78 


border with Mexico..68-75, 83, 85, 188, 258 

California...51-88, 165, 168, 174, 177, 408, 
413, 466, 506, 581-594, 657, 785, 787, 
788, 790, 869-887, 893, 897, 928 

California Department of Food and 
Agriculture (CDFA) ..... 54, 63, 81, 515, 
581, 588, 591, 870 

California, northern.. ...... 581-594, 604, 787 


California, southern .................... 51-83, 780 
Canadian border............................. 556, 791 
Centers for Disease Control and Prevention 
(CDG) — 324, 349, 408 
Colorado River Basin ........... 52, 79-85, 784 
Defense Advanced Research Projects 
Agency (DARPA)..................eess 806 
District. of Columbia... etis 448 


Environmental Protection Agency...59, 320, 
448, 784, 833 

Federal Aviation Administration (FAA).909 

Florida...33, 35, 177, 186, 350, 407-409, 
416, 465, 562, 576, 886, 894 

Florida Fish and Wildlife Conservation 
COMMISSION cocotero 320 

Florida Keys Mosquito Control District .352 

Florida, Centre for Biological Control... 561 

Florida Department of Environmental 


PHOCE CHO aid 320 
Florida, Keys ......................... 563, 576, 833 
Florida, Lee County Mosquito Control 

Ia ..319-337 
Florida, north-western .........................s. 233 


Florida, Sanibel Island........................... 336 
Florida, southern ...324, 407, 563, 564 
Georgia................... 225, 390, 561, 568, 574 
Hawaii .... 165, 175, 470, 472, 562, 869, 934 
Indiana. oe hoe 61, 893, 897 
VOW —————— 893 


1010 SUBJECT INDEX 


|o ——É— 20 
Kentucky, Lexington ............................. 409 
Dolisiana cinco Hd onte 241, 564 
Maryland... eee 581, 932 
Massachusetts...551, 552, 555, 574, 581, 
587, 594, 802 
Michigan... ent 367, 385, 556 
Minnesotas 556, 788 
MISSISSIDDL..- i.e ccrtc rre petet 564 
National Academy of Sciences ...... 651, 800 
National Cotton Council .............. 53, 54, 88 
National Oceanic and Atmospheric 
Administration (NOAA) ..... 873, 880, 83 
National Wildlife Refuge (NWR) .......... 330 
Nebraska... iecit 233, 242, 331 
New Mexico ... 51, 54, 64, 66, 67, 75-77, 88 


New York 


Pennsylvania.. 
Puerto Rico....... 
Rio Grande.................... 
South Carolina... 
south-eastern..... e 
south-western...52, 53, 82, 562, 563, 591, 
777, 785, 786, 790 
Texas...51-88, 188, 217, 251, 258, 259, 308, 
531, 576, 785 
Texas Permanent Quarantine Zone.258, 259 
Texas, Veterinary Pest Genomics 
(Gu MEAS 
University of Arizona 
University of California ..581-594, 779, 780 


University of Maine... eee 

University of Washington bs 

U.S. Fish and Wildlife Service............... 320 
Virgin Islands secos 34, 563 
Virginia 332, 556, 932 
Washington state.................... 168, 551, 705 
West Virginià...... secca 551, 556 


USDA...63, 161, 173, 176, 407, 531, 536, 567, 

583, 588, 820 

Agricultural Research Service (ARS) .....94, 
174-176, 233, 251, 561, 574, 869 

Animal and Plant Health Inspection Service 
(APHIS)..51, 54, 180, 483, 519-522, 534, 
551, 552, 561, 581, 585, 587, 784 

APHIS Aircraft and Equipment Operations 


clas wool 
biotechnology regulation ....................... 820 
Center for Plant Health Science and Tech- 

nology (CPHST)..... 51, 78, 94, 551, 581 
CPHST-APHIS-USDA data base ............ 52 
Forest SIIC ioco oe etr s 551-559 
genome editing eiii 820 
Hawaiian Fruit Fly Laboratory .............. 174 


Plant Protection and Quarantine 
(USDA)...55, 553, 555, 581, 585, 587 


V 
vaccines ................ 253-259, 406, 635, 732, 748 
VectoBac G larvicide .......................... 433-456 
vector 
eltimiatiori... e 357,638, 711 
surveillance..................... 638, 640, 641, 710 


vector control.252, 261, 341-343, 358, 367-395, 
405, 428, 633-644, 719, 741, 749, 804, 858 


CUYOS tii 420,711 
dni 635, 639 
interventions ...ooconocccnnnncconnnons 344, 345, 639 
measures 352, 414, 748, 810 
MES iii 39, 352 
operations... ee er eere esent 863 


products 
programmes...341, 342, 348, 351-355, 409, 
635-637, 642, 710, 711, 714 


o ice ee 347, 349 
strategies......... 341, 342, 348, 357, 406, 638 
vector-borne 


diseases...260, 341-345, 405-420, 633-644, 
731, 826, 835, 851, 852, 937 


pathogens... cere 372, 379, 639 

AOS MISSION esee en ORE 710 
vectoring 

Cic m ——— Á 337 

disease ose es 327, 406 

PASSIVE ————— 514 
vegetable...75, 80, 130, 161-189, 565, 658, 736 

consumption ..... «e iecerisee cese 162, 170, 171 

crop residues............. sss 234, 239, 243 

exports ............ 162, 171, 185, 519, 520, 671 

Pan M" —— m 41 

production..83, 161, 170, 171, 180, 520, 899 
vegetation 

AMINA esci ite 

as indicators... 

classifications 

des ii 


greenness map .. 


hnc ——————— 
Landsat images.. 3 
non-commercial 215 
suitability .... ..278 
surrounding. ..150 
Wellness 332 
vegetative 
madera ei 34, 39, 43, 234 
poro ————— ——— as 243 
Venezuela. 186, 307, 314, 466 
O OEE 583 
A e ade iiie ie 621 
veterinary..... 253, 298, 368, 731 
baseline dita iones 276 
medicine ..... ..251 


SUBJECT INDEX 1011 


programmes... tete teres 261 
Public: heal smart 237 
services 


Viet Nam...18-23, 26, 28, 144, 146, 465, 617- 
624, 627 
Central -Haghlarids........ oin 20 
International Center for Tropical 


northern 
southern 
Tien Giang Province .............. 617, 623, 624 
vinasse 
vineyards ...................... 582-591, 597-613, 787 
abandoned... soe 605, 606 
beneficial fauna........................ eese 605 
InSpectiofis. «cene nein 585 


organic .... 591, 607, 611 
Santa naaa 139 
MD eee E D E 588 
viral haemorrhagic fevers ................... 341, 810 
virgin females .............. 283, 287, 353, 783, 787 
VIPUL ONCE crees OPORTERE 646, 799 


viruses...252, 324, 340, 341, 354, 357, 379, 386, 
635, 731, 844, 919, 929, 930 


VILATOIMS., «oerte 170, 925, 928, 931, 937 
vitellogénesis. sete aos 149 
volume... 37, 100, 136, 137, 216, 447, 449, 910 

application c or dee onem 606 

export 

droplet median diameter 

sales 

trade 

ultra-low...71, 73, 77, 333, 334, 420, 859, 

904, 907 
W 

walnut husk fly... cette ete 167 
walnut twig boret...... iei 935 
walnuts 
WaSpS: cesi 

parasitoid 

pteromálid........... etre pets 240 

woode-feeding....... 2 reris 924 
waste management. 345, 589, 639, 722 
A treten 320 
Water lettuce: eed societe nen ie p 320 
water levels.. .324, 328, 332, 436, 439, 442 
wavelengilis coner ehe 97 

mid-infrared.......... eee TI3 

Near MALE «oeste te 473, 773 

rco ——— E € 773 


Sery MT 547 
site...115, 116, 123, 326, 592, 676, 754, 757, 
820 
WAC WOR cR 
Weeds censet 
aquatic .... 
biOCORBtEOl scite 561, 562, 658-660 
COMPTON REL 
detection. 
yicoul e A E A 
boll weevil 
leafroller weevil 
red palm weevil...539-550, 765, 766, 777, 
924 
Welfafe...: 3 eode iio eR o e Yet 475 
ONCE Lcid Ie res RE RSV Ta EET 464, 474 
CHGS iir TRU ERN DESEE 464 
Contr EA 276 
IMPAC s O 463, 467 
West Indian fruit fly .. 167, 179, 188 
West Indies; ainia 562 
West Nile virus.......... .323, 379 
western cherry fruit fly oo... sss 167 
wetlands .............. 306, 332, 433-440, 449, 450 


antera eee 234, 893, 907 

62, 82, 658, 935 

white-tailed deer... 

whole genome sequencing 

wildlife... sede 
livestock interface.......................... 
vaccination ; 

willow-leaf infusion piernas 


geometric morphometrics ... 

beat frequency... teen 

o eiie ce rper terrere et 
Wolbachia 

bacteria ... 409, 417, 448, 748, 751, 752, 803 


based approaches... 463, 476, 477 
densities... eroe 386, 387 
establishment.......... 381, 387, 426, 448, 477 
genome transformation... ee 474 
infection...371-380, 385, 386, 410, 424, 426, 
448, 463, 471-476 
inhibiting viral pathogens ...................... 379 
reducing vector competence .......... 372, 474 


strains...367-394, 410, 411, 416, 427, 444, 
448, 472-477, 732 
transinfected 0... csscsee 409-411, 420, 477 


1012 SUBJECT INDEX 


Wolbachia-infected..................... 388, 428, 472 
females....354, 370, 379, 380, 381, 411, 416, 
426 
individuals .............. 371, 378, 380, 381, 383 
o E 379, 381 
O iren 374, 385 
males...353, 383, 391, 406, 409, 410, 416, 
424, 444, 472 
mosquitoes...... 374, 385-387, 415, 427, 798 
populations . 353, 381, 409 
WOIDaki: ertet Ei 387 
O mee eq 
sex sorter. 
X-ray irradiator 
WOMEN oT € 577, 717, 720 
chemoprophylactic treatment................. 804 
decisionmaking sensns 28 
WOO. E divisas 585, 919, 925 
boring beetle... teretes 923 
feeding beetle.... .924, 926 
feeding termites .... 923-026 
feeding wasp..... 924, 926 
firewood............ .553, 556 
woolly apple aphids .................................... 216 
workers’ safety ...... ...120 
World Bank ion aii 122 
World Health Assembly ..................... 633, 634 


World Health Organization (WHO)...339, 342, 
343, 344, 358, 372, 406, 408, 626, 628, 633- 
644, 646, 711, 718, 730, 795, 796, 804, 805, 
858, 893 
Country Cooperation Strategy ............... 641 
Global Vector Control Response ....633-642 
Malaria Policy Advisory Committee......643 

World Meteorological Organization ........... 488 

world's population ............................. 162, 633 

World Trade Organization (WTO).....163, 172, 
821 
Sanitary and Phytosanitary Measures 

(SPS) ui esee 163, 172, 174, 175 


maternal. D ———M 847 
paternal e — — 849 
Shredding ......... 2e 843, 846, 848-852 
xanthurenic diia 931 
Y 
Y chromosome .................... 844-846, 850, 852 
VELIE 844 
mutant 
YOON —— 
gene drives... eere ts 
hydrolysed yeast 
torula yeast vrai 


yellow fever...319, 324, 336, 339-342, 354, 
379, 405, 634-636, 810, 930 

yellow fever mosquitoes.....324, 339-358, 373- 
375, 405-428, 443, 473, 747-759, 813, 815, 
844, 846, 852 


yield.....17, 36, 44, 82, 85, 98, 99, 163, 179, 216, 
218, 222, 287, 446, 599, 618-621, 624, 671, 
790, 832 


fee —Ó 3, 4, 18, 29, 810 
losses.4, 18, 82, 145, 215, 217, 601, 618, 627 
A te RR Er HR UR 907 
reduction..................... 4, 163, 164, 167, 583 
Z 
E or A EE T EES 859, 931 
Zebra MS s oos reti Poen 848 
Zero HUN GE! d — 162, 858 
zero-tolerance .. ...94, 832 
QC 103 
jefe —ÁÁ—Ó—— 107 
Zika ..... 336, 339, 354, 405, 409, 634, 635, 731 
epidemics... i. acne rerit pte rie 343, 419 
outbreaks 406, 635, 731 
virus........ 324, 325, 340, 379, 386, 731, 930 


Zimbabwe 
Zambezi valley .. 
zoonotic diseases ......... 


